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ABSTRACT 
Copper concentrations occur in the upper part of 
an altered sequence of continental tholeiites and 
continental rhyolites in the Warburton area. The copper 
mineralisation consists mainly of chalcocite-djurleite 
within faults in hematite-rich rocks. The alteration 
mineral assemblages in the basalts consist of varying 
amounts of albite-chlorite-epidote-quartz-hematite-
prehnite-pumpelleyite-montmorillonite. These are the 
result of basalt alteration at 200° to 400°C by a near-
surface hot spring system. The copper concentrations were. 
formed as a result of reactions oxidising Fe++ to Fe+++ 
and reducing so 4 to HS- or s--. The removal of Fe++ 
resulted in the precipitation of copper-rich sulfides. 
Because of the high oxidation state of the alteration 
system, sulfides initially contained in the basalts were 
leached and most of the mobilised copper and sulfur moved 
out of the alteration system. In most hydrothermal 
systems, increases in the pH cause sulfide precipitation, 
but because of the high oxidation state, the effects of pH 
increase in causing sulfide precipitation are minimised. 
Sulfides which were precipitated as a result of pH increase 
are quantitatively insignificant relative to those 
precipitated by a lowering of the oxidation state. 
Analytical data on modern hot springs indicates 
that, during alteration, Sio 2 , Cao, Na 2o, K2o are the most 
mobile components, and that MgO, Al 2o 3 , MnO, P 2o 5 and Tio 2 
are inert. 
Environmental features of the altered basalts, 
the similarity of their rare earth element, Al 2o 3 , Tio 2 , 
MgO, MnO, P 2o 5 , Th, Zr, v, Ni, Ga and u contents with those 
of modern continental tholeiites with less than 53.5% Sio 2 
indicate that the altered basalts are continental 
tholeiites. This is confirmed by the associated rhyolite 
ash flow tuffs which have Na 2o/K 2o ratios less than one. 
Modern continental tholeiites are often associated with 
rhyolites with Na 2o/K 2 o ratios less than one. Rhyolites 
with Na 2o/K 2o ratios less than one occur in continental 
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environments; those with Na 20/K2o ratios greater than one 
occur in island arc environments. 
The altered basalts have gained Na and have been 
depleted in Sr, Cu, Cl and S; Si, Ca, K, Ba, Rb, Zn and Pb 
underwent redistribution during alteration. The altered 
basalts have lost ~40 ppm Cu and 'V250 ppm s, and the total 
amount of mobilised copper as a result of alteration was 
'V10 8 tons. 
The copper concentrations occur within basalts 
that have undergone severe local depletion of Cu and s, and 
which contain higher Fe 2o 3 , Na 2o and Cl contents than 
altered basalts elsewhere in the area. 
The copper occurred in the original basalts 
mainly as a sulfide and as cu++ within Fe++ sites in the 
iron-titanium oxides. The sulfide copper has been removed 
from the Cassidy Group (lower group) of basalts as a result 
of oxidation, but in the vicinity of the copper concentra-
tions in the Mission Group (upper group) , the cu++ in the 
iron-titanium oxides has been removed as well because of 
oxidation of the iron-titanium oxides to hematite. Both 
lead and zinc are retained in either unaltered primary 
minerals or within the alteration assemblages. In the wall-
rocks of the copper concentrations, zinc mobilised as a 
result of oxidation of the iron-titanium oxides to hematite 
has been retained in chlorite. 
Many of the large continental copper concentrations 
such as those at White Pine, Boleo, Mt. Isa, and many others 
overlie altered continental tholeiites. They have resulted 
from precipitation of the copper mobilised during basalt 
alteration because of reduction of the contained sulfate in 
the aqueous phase within an appropriate euxinic environment. 
An outside source of sulfur is not necessary; there is 
enough mobilised "basalt" sulfur to precipitate all of the 
mobilised copper. If an efficient sulfide precipitating 
mechanism does not exist, copper-rich sediments may be formed 
over a large area. 
Th.is alteration model illustrates the inadequacy of using 
ore deposit metal ratios to identify the source rock type 
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INTRODUCTION 
The association between spilites and copper 
deposits has been pointed out by Lindgren (1932), Cornwall 
(1956) and by Amstutz (1958) and by others. These workers 
were referring specifically to the native copper-chalcocite 
type copper occurrences within spilites in the Keeweenaw 
region, the chalcopyrite-pyrite deposits in Cyprus and native-
copper concentrations in many other areas. Similarly, the 
other large copper concentrations which occur within a 
continental environment, such as at Mt. Isa and at White 
Pine, Michigan, appear to display a close association with 
altered basalts. In spite of this recognised association, 
no quantitative geochemical work to determine the reasons 
for this association has been carried out. Previous geo-
chemical work has been concentrated on the mineralised area 
in disseminated native copper-chalcocite occurrences e.g. 
by Cornwall (1956) and by Jaung Hwan (1968) and this showed 
that the basalts have been enriched in copper, rather than 
depleted. Furthermore, although these occurrences are 
associated with altered basalts, no attempt has been made 
to explain the marked lack of zinc in the copper 
concentrations, even though basalts contain as ~uch zinc 
as copper. This is probably a result of the widespread 
assumption that spilites are a unique basalt type (e.g. 
Amstutz 1967). Vallance (1969) and others have attempted 
to determine the original nature of spilites, but these 
studies were not definit~ve enough in that spilites as a 
group were compared with all unaltered basalts (or more 
specifically with all tholeiites). Cann (1970) and Pearce 
& Cann (1971) presented the first definitive studies of 
spilites, and they showed that if certain components are 
inert during alteration, these can be used to identify the 
original basalt type. Once the original basalt type is 
identified, the nett gains and losses of other components 
can be determined. 
A similar geochemical approach, together with an 
emphasis on the integration of this geochemical data with 
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thermodynamic data on hydrothermal systems, and with studies 
of modern hot springs, is here used to determine the original 
basalt type and genesis of the copper concentrations in the 
Warburton area. The results are then applied to other 
continental copper concentrations. 
This approach provides an answer to the three 
basic problems of ore genesis, namely 
(1) the source of the ore metals 
(2) the mechanism of mobilisation of the metals 
(3) the mechanism of concentration of the 
mobilised metals to form a metal sulfide 
deposit 
Because the source rocks of many of the continental 
copper concentrations are not exposed, the Warburton area is 
particularly suitable for a study of this type: the source 
rocks of the copper concentrations are exposed in this area. 
CHAPTER 1. GEOLOGIC SETTING 
1.1 REGIONAL CONSIDERATIONS 
1.1.1 Location 
The area studied (referred to as the Warburton 
area) is bounded by latitudes 26°S, 26°20'S and by longitudes 
126°30'E and 127°10'E. It forms part of the south west 
·margin of the Musgrave Block, which is between the Amadeus~ 
Officer and Eucla Basins (Fig.1.1). 
1.1. 2 Regional Geology 
The rocks have been divided into fou.r major unit~ 
(Daniels 1969), which are (in order of decreasing age) 
(1) the Pussycat Group, composed of altered 
basalts, rhyolitic ignimbrites, microgranites, 
sediments and metamorphosed equivalents of 
these rocks 
(2) the Cassidy Group, composed of rhyolite ash 
flow tuffs, altered basalts and minor shallow 
water continental sediments 
(3) the Mission Group, composed of basalts, 
dolerite sills and. shallow water continental 
sediments 
(4) the Townsend Quartzite, composed of sandstone 
and quartzite. 
The Mission and Cassidy Groups together have an 
average thickness of 6800 m with a strike length of 120 km. 
Basalts and rhyolites comprise 70% (volume) of rocks in these 
The rocks of the Cassidy and Missiori Groups 
have unitorm. 15° to 40° south and south west dips and they 
disconformably overlie Pussycat Group rocks. The Townsend 
quartzite conformably overlies the Mission Group although 
to the east the contrast becomes disconformable and the 
Townsend Quartzite gradually transgresses both groups. 
The Townsend Quartzite is overlain by Palaeozoic and Mesozoic 
sedi~ents of the Officer Basin. 
indicated in Fig.1.1. 
Structural relations are 
2 
Eighty five per cent (of total inferred possible 
outcrop) of the rhyolite ash flow tuffs, 50% of the 
Cassidy Group basalts and less than 10% of the 
sediments of the Mission Group form outcrop in the area. 
Outside the area, apart from 36 sq. km of scattered outcrop 
of Mission Group sediments and basalts 25 km to the east, 
less than 10% of the basalts form outcrop because of 
extensive sand ridge and "calcrete" cover. 
1.1. 3 Copper Concentrations 
All known copper concentrations within the Mission 
and Cassidy Groups are in the area studied. The locations 
of these are on the 1:47,520 geological map at the back of 
this thesis. The copper concentrations are described in 
more detail in Chapter 2. 
1.1.4 Age 
The age of the Mission and Cassidy Groups is 
between 1080 (±15) and 790 m.y. {million years); the age 
is considered to be closer to 1080 m.y. 
this assumption are 
The reasons for 
(1) a single rhyolite specimen from the Warburton 
area (presumably from the Cassidy Group 
rhyolite ash flow tuffs) fits the isochron 
for the Smoke Hill (formerly Tollu) Volcanics,. 
which gives a date of 1080 ± 15 m.y. (C.M.Gray 
pers. comm. 1970); Compston & Arriens 1968; 
Compston & Nesbitt 1967) 
(2) basalts which are petrographically similar to 
those of Mission Group and which are overlain 
by quartzites and sandstone similar to the 
Townsend Quartzite in the Yowalga No. 2 oil 
test well 40 km west of the area give a 
Rb/Sr age of 1000 m.y. and a K/Ar age of 
331-445 m.y.; shales overlying the quartzite 
and sand stone give a Rb/Sr age of 845 ± 250 
m.y. (Peers 1969) 
(3) Compston & Arriens (1968) have pointed out the 
occurrence of seven episodes of major volcanism 
in the Precambrian; one of these is within 
the 1100-950 m.y. age limits; Compston and 
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Arriens note that there is considerable 
sampling error involved and the estimates 
may be revised in the light of further data 
1.2 WARBURTON AREA 
1.2.1 Geology 
The Pussycat Group will not be described further 
because it is stratigraphically remote from the copper 
concentrations. It is therefore considered not to have 
influenced the genesis of these copper concentrations. 
1. Cassidy Group 
The group consists of four rhyolite ash flow tuff 
units with a total thickness of 1440 m and four basalt units 
with a total thickness of 1600 m. The rhyolite units 
alter~te with the basalts; the uppermost basalt unit is 
750 m thick. This upper basalt unit consists of 50 to 
75 flows 8 to 18 m thick. Narrow lenticular quartzite 
bands separate some of the flows. Forty-five percent of 
the basalts outcrop and 85% of the rhyolite ash flow tuffs 
outcrop. 
2. Mission Group 
The group consists of a 2600 m thick upper section 
composed of basalts and minor interbedded sediments and a. 
1200 m thick lower section composed of sediments and basalt 
sills. The upper section consists of 30 to 45 exposed 
lava flows 2685 m thick, three major rhyolite-pebble conglom-
erate beds each 120 m thick and a 200 m thick basalt sill. 
Fifteen to 20 lenticular quartzite beds 0.3 to 6 m thick 
are interbedded with the lava flows. The lower section 
consists of finely bedded shales and dolomites which grade 
upward into shales and interbedded polymictic anglomerates. 
Several 50 m thick dolerite sills occur within the sediments. 
A discontinuous chert band occurs within shale 960 m above 
the contact with the Cassidy Group. 
Five percent of the basalts outcrop and less than 
5% of the interbedded sediments outcrop. 
3. Townsend Quartzite 
The Townsend Quartzite is a well bedded sandstone 
which contains cross-bedded and ripplemarked horizons. The 
contact with the underlying Mission Group is covered by sand. 
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1. 2. 2 Mineralogy and Petrology 
All rocks have a variable overprint of alteration 
mineral assemblages, and distribution of these is best 
shown by the basalts because they form 70% of all rocks 
within the Cassidy anq Mission Groups and they form 75% of 
all outcrop. By contrast, the shale and conglomerate 
outcrop is deeply weathered, and the fine-grained alteration 
assemblages Within the weathered sediments could not be 
identified. The basalts of the Cassidy and Mission Groups 
have similar chemistry, and zonation of the alteration 
assemblages would as a result be shown more readily by the 
basalts. 
1. Basalts and Sills 
The basalts are composed of three major rock types: 
fragmental amygdaloid, amygdaloid and uniform fine-grained 
to medium-grained rock. Contacts between amygdaloid and 
uniform fine-grained to medium-grained rock are transitional. 
Relevant features of these rocks are shown in Table 1.1 
Table 1.1 
Basalt Rock Types 
Ro9k type Mission Group Cassidy Position 
thickness vol.% of all % of Grou;e in 
(meters) basalt in basalt % of flow basalt drill holes outcrop 
outcrop 
Fragmental 0. 3 - 10 7 35 25 top 
amygdaloid 
Amygdaloid 1 - 10 16 10 50 top, 
core or 
base 
Uniform f. g. 2 - 60 77 55 25 core 
m.g. rock 
Note: f. g. = fine-grained, m.g. = medium-grained 
The primary mineral assemblages of these rocks have 
superimposed alteration mineral assemblages. The mineralogy 
of the primary and alteration mineral assemblages is 
summarised in Table 1.2 
Primary Minerals 
Clinopyroxene 
subcalcic augite 
(2 v ~30°) 
Fe-Ti Oxide 
Apatite 
Olivine 
Mesostasis 
Amygdules and 
micro fractures 
Table 1.2 
Alteration Mineral Assemblages 
Alteration Assemblages 
Mission Group 
epidote, albite, 
chlorite, pumpelleyite, 
calcite, montmorillonite, 
pyrophyllite (?) 
chlorite, epidote, 
pumpelleyite, mont-
mqrillonite, prehnite 
hematite, sphene, 
leucoxene 
chlorite, hematite · 
pyrophyllite, mont-
morillonite, chlorite, 
pumpelleyite, sphene, 
hematite, quartz, 
calcite, zeolite ( ) 
chlorite, calcite, 
epidote, quartz, 
hematite, illite, 
montmorillonite, 
pyrophyllite (?), 
albite, prehnite, 
microcline, 
zeolite (?) 
Sills 
chlorite, 
epidote, 
albite, 
mont-
mor illoni te 
chlorite 
sphene 
rims 
chlorite 
chlorite, 
epidote, 
mont-
morilloni te 
quartz, 
epidote, 
pyro-
ph y ll i te 
type min 
Cassidy Group 
albite, epidote, 
pumpelleyite, 
chlorite, 
6 
paragonite (minor) 
(?), montmorillonite 
chlorite, epidote, 
pumpelleyite 
sphene rimsi 
leucoxene 
chlorite, mont-
morillonite, 
epidote 
chlorite, phyllo-
silicate, epidote, 
pumpelleyite, 
quartz, mont-
morillonite 
quartz, epidote, 
calcite, chlorite 
Note: The olivine was recognised by the distinct shapes of the chlorite 
pseudomorphs (after olivine) within the larger poikilitic grains of 
subcalcic augite. 
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The original rock texture is preserved within the 
albite-bearing assemblages, but has been extensively 
modified within the epidote-bearing assemblages. Textural 
relations indicate that the albite-bearing assemblages were 
replaced by the epidote-bearing assemblages. No epidote was 
observed in contact with the primary plagioclase. 
The degree of primary mineral replacement is 
variable and is highest adjacent to joints and faults and 
within lava flow tops. Clinopyroxene, plagioclase and 
primary iron-titanium oxides within the thicker lava flows 
and sills show little alteration, and the clinopyroxene 
persists within the albite- and chlorite-bearing assemblages. 
The primary iron-titanium oxides in the Cassidy Group show 
little alteration. All olivine has been replaced by chlorite 
and the chlorite pseudomorphs occur within the clinopyroxene. 
The albite contains fine-grained dusty and fibrous 
inclusions of montmorillonite, chlorite and minor pumpelleyite. 
The chlorite, montmorillonite and pumpelleyite form complex 
fine-grained inter-growths containing minor leucoxene and 
qua~tz within the original mesostasis and within micro-
fractures. Sphene and leucoxene occur as rims on unreplaced 
iron-titanium oxides within the Cassidy Group, as pseudo-
morphs after these oxides and as scattered grains within the 
mesostasis and adjacent to amygdules. Montmorillo~ite, 
chlorite and calcite inclusions are abundant within the 
albite adjacent to the amygdules. Calcite occurs within 
chlorite filled amygdules and is rimmed with chlorite. 
The alteration minerals form three major 
assemblages which consist of epidote-quartz-chlorite-calcite 
(assemblage (1)), chlorite-calcite-albite±hematite (assemblage 
( 2 ) ) and ca 1 c it e - pre h nit e (ass e mb 1 age ( 3 ) ) . These 
assemblages are associated with minor but varying amounts 
of the other alteration minerals (Table 2). Assemblage (2) 
is associated with primary basalt minerals in the thicker 
lava flows and sills. Hematite is absent from assemblage 
(1) within the Cassidy Group. Assemblage (1) consists of 
closely associated epidote-quartz-chlorite and epidote-
chlorite-calcite assemblages. Quartz is most abundant within 
the epidote-bearing assemblages, and is a minor constituent 
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of the prehnite-bearing assemblage. Hematite is a minor 
constituent of the epidote-bearing assemblages within the 
Mission Group; 
of epidote. 
it is absent from rocks consisting entirely 
Assemblage (1) occurs within fragmental 
amygdaloid, amygdaloid and sills of the Mission and 
Cassidy Groups. Assemblage (2) is within amygdaloid and 
uniform fine-grained to medium-grained lavas of the Mission 
Group. Non outcropping lavas exposed in trenches and diamond 
drill holes consist of this assemblage and relatively 
unaltered rock. Assemblage (3) is confined to fragmental 
amygdaloid at the top of the exposed lava sequence of the 
Mission Group. 
Assemblage (2) was not observed in the outcrop of 
the Cassidy Group basalts. Because assemblage (2) occurs 
within 30% of the lava outcrop in the Mission Group its 
absence from outcrop in the Cassidy Group indicates that it 
is unlikely to occur within the Cassidy Group. Hematite was 
not observed in the Cassidy Group basalts; this coupled with 
the relatively abundant outcrop of the Cassidy Group basalts 
also indicates that hematite-bearing assemblages such as 
assemblage (2) are not likely to occur in the Cassidy Group. 
A regional zonation of alteration assemblages 
exists in the area (Fig. 1.2). Each individual assemblage 
shown in Fig. 1.2 is the dominant alteration type present; 
internal zonation of assemblages (1) and (2) within lava 
flows of the Mission Group is superimposed on the regional 
zonation pattern. A generalised internal zonation within 
Mission Group lava flows from lava flow top to flow base is:-
flow top 
flow top 
margin 
flow core 
and base : 
epidote-quartz-hematite±microcline±chlorite±albite 
epidote-chlorite-albite-calcite-hematite±microcline 
calcite-chlorite-albite-hematite 
This zonation also occurs across lava flows in the 
vicinity of faults or joints and is superimposed onto the 
normal flow zonation, producing complex patterns of 
alteration assemblages. 
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Table 1.3 
Copper Concentrations 
Alteration Minerals 
No. Host rocks Adjacent to copper Structure 
In host rocks mineralisation 
1. fragmental ab mi cl (ep) ca q (mi) he fault 
amygdaloid 
f.9.-m.9. flow 
core ab he (ep) cl (ca) (q) mi (ap) he 
sill cl (ep) (ca) ab (ep) ab he 
2. amygdaloid ab (mi) he cl (ep) mi (q) he (ep) fault 
f.9.-m.9. flow 
core he ab (ca) (ep) cl he (ep) 
3. conglomerate he ca (cl) he fault 
amygdaloid ca ep ab mi (cl) he (mi) 
f.9.-m.9. flow 
core ab he ca cl he 
,I 
4a. quartzite (ep) ep mi fault 
amygdaloid , he ab cl ep q (mi) ep mi q he ca 
ca 
b. flow core he ab (ep) (cl) (pr) q (ep) 
s. quartzite (ep) (ep) q fault 
6. f.9.-m.9. fl.ow 
core ab he cl (ep (q) 
amygdaloid ab he ep (q) cl (ep) q he 
7. amygdaloid ep q ep q he intersecting 
joints 
conglomerate cl (ca) he 
8. conglomerate cl ca he (cl) ca he (q) intersecting 
faults 
9a. conglomerate cl ca he (cl) he (q) II 
b. conglomerate ca he ca he inter.secting 
joints and 
faults 
10. amygdaloid ab (q) cl he he fault 
11. amygdaloid ep q ab ca ep q (cl) fault 
quartzite (ep) 
f.g.-m.g. flow 
core cl (ep) (q) ab he 
No. 
12.; 
Host rocks 
amygdaloid 
quartzite 
f~g.-m.9.; 
flowce>re 
Table 1.3 (Continued) 
Alteration Minerals 
In host rocks Adjacent to copper 
mineralisation 
ep q (ca) ep 
(ep) 
ab cl ca ab cl 
Structure 
intersecting 
faults 
l,L 
13a. amygda~oid · 
f.g.-m~g. 
ep q (ca) (pr) 
cl (ca) (ep) (q) 
ab (pr) 
q ep ca fault 
(pr) (qJ: (ca) 
'b. 
flow core 
sill (?) (or 
e.g. flow core) 
quartzite 
f.9.-m.9. 
flow· core 
amygdaloid 
ab (ep) (q) cl 
Cep> 
ep q· ab 
. ep q 
q (ep) ab 
(ep) 
q (vein) 
q (vein) 
· l4. amygdaloid ep.q cl (mil ca ep (q) mi within amygdules 
and jointSI 
adjacent to two 
parallel faults 
· f.g.~m.g· .. 
flow core 
quartdte 
cl (ep) ab ca he (ep) (q) ca 
15 •• . amy9daloid ca pr . (ep) (q) cl pr (q) (he) pa:r::allel faults 
and joints 
l7. 
18. 
l~. 
flow core 
quartzite 
·xn.9.-c.g •. 
flow core 
a.rtlfYdaloid. 
flow core 
quartzite 
sill or e.g. 
flow core 
sill 
amygdaloid 
coh9lomerate 
sill 
shale 
(pr) cl ab he pr cl 
cl (ep) ab (ep) 
ca pr (ep) (q) ca pr (q) (he) 
ab he (pr) cl (ca) pr ca 
cl ep 
ab cl (ep) (pr) (ca) ca cl (ep) (q) 
eP q ca cl 
ca (ep) 
ep q (pr) (ca) cl 
c1 (ca) 
ca q ep 
cl (ep) 
pr q 
cl (ca) 
fault 
intersecting 
faults and ·joints 
fault 
fault 
Notes: (1) ep epidotl;); c~ calcite; cl chlorite; ab albite; pr prehnite; q quartz; 
he hematite; l!ii micr.ocline ; ap apatite. 
(2) the. amygdaloid heist :r::ocki; are mainly lava flow tops; the alteration 
minerals are within amygdules and'.groundmass; alteration minera,ls 
· within: aphanitic rcick.s were not identified • 
. . (3). minor occurrences of alteration minerals are in brackets .• 
· · · .. (4) the le>cations are shown on the geological map at the back of this thesis. 
(5) m.g.= mediUI'(l-grairied; e.g.= coa:r::se-g:r::ained; f .g.=f;lne-grained. 
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It is evident that zonation was controlled by 
proximity of original open spaces and fracture systems within 
rocks of the Mission and Cassidy Groups. 
of this is discussed in Chapter 2. 
The significance 
2. Rhyolite Ash Flow Tuffs 
The rhyolite ash flow tuffs are uniform porphyritic 
rocks which consist of andesine-oligoclase, potassium~ 
felspar phenocrysts and quartz grains within a fine-grained 
ground mass of quartz, plagioclase and potassium-fe1spar. 
Individual flows have flow banded and spherulitic zones 
(top) . Minor alteration products are phyllosilicate 
alteration of felspars, minor quartz and very rare epidote 
filled veinlets. 
3. Sediments 
The quartzites and conglomerates of the Mission 
Group have cements of epidote, chlorite, hematite and 
quartz. These cements are more abundant in the vicinity of 
joints or faults. Calcite veins occur within the 
conglomerates adjacent to joints or faults. Hematite is 
absent from quartzites interbedded with the Cassidy Group 
lavas. 
The shale and conglomerate outcrop is deeply 
weathered, and the fine-grained alteration assemblages could 
not be identified in the weathered samples. The fresh shale 
samples obtained from pits on copper concentrations towards 
the base of the Mission Group basalts contained minor 
chlorite films on bedding planes. No epidote was observed. 
1.2.3 Copper Concentrations 
1. Geology 
The locations of the principal copper 
concentrations are shown in Fig. 1.1 and locations of all 
known concentrations are shown on the 1:47,520 geological 
map. 
';['he term "copper concentration" is used to 
indicate any concentration of copper which appears as visible 
copper minerals. Size range v~ries from isolated skins of 
coppoer carbonates associated with 0.4 mm diameter sulfide 
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aggregates within amygdules (or in very minor quartz veins 
within lava adjacent to the mineralised faults of the No 4 
and No l3 concentrations) to 33 x 2 x 25 m lenses of massive 
djurleite-chalcocite within faults and joints. 
The host rocks, structure and the associated 
alteration mineral assemblages are listed in Table 1.3. The 
mineralogy and textural relations of the copper suf ides are 
listed in Table 1.4. 
The copper concentrations occur within joints of 
faults intersecting the lava flows, sills, conglomerates and 
quartzites. Minor copper sulfides occur within amygdules in 
lava adjacent to mineralised faults or joints. The 
associated alteration minerals are the same as those within 
the host rocks; however, microcline and qµartz tend to be 
more abundant in the host rock adjacent to the copper 
sulfides. A narrow bleached zone free of hematite encloses 
the lenses of massive chalcocite-djurleite-hematite and the 
other minor copper sulfide occurrences within hematite-
bearing host rocks. Calcite was not observed adjacent to tpe 
lenses of chalcocite-djurleite-hematite in the Nos. 1,2,3 and 
14 copper concentrations. 
The only observed copper concentrations within the 
Cassidy Group consisted one small grain of chalcopyrite 
within a small quartz vein. 
No new copper concentrations were detected as a 
result of regional B-horizon soil sampling. The already 
known Nos. 1,6 and 14 concentrations were detected, because 
they are characterised by 120 m along-strike dispersion 
haloes. The soil sample grid traverse lines were normal to 
the strike and were spaced 243 metres t800 ft) apart with 
a 30 m sample interval along these. 
Because hematite-bearing assemblages and copper 
concentrations are absent from the Cassidy Group, it appears 
that the presence of hematite-bearing assemblages asso9iatea 
with faults or ]oints has some control on the distribution of 
copper concentrations. However, copper concentrations and 
l. DOH 2 
DDH 3 
DDH 4 
II 
2. DDH 8 
.. 
3. ODH 5 
4. 
s. 
7. 
13. 
14. 
15,. 
17. DDH 11 
Table 1.4 
Mineralogy of the Copper Concentrations 
Mineralogy 
cc bn he 
PY cp 
bn cc cp cv 
dj cc he 
bn cp he 
p cp bn he 
dj cc he 
CC dj CV he 
dj cc he 
bn cc c~ 
bn cc dj (?) 
bn cp 
bn cp 
bn cc cv cp id 
cp cc he 
cp cc 
he bn cp cv cc 
cp bn cc cv he 
dj CC he CV 
bn cc 
bn cp cc 
bn cc he 
cp cc 
Texture 
vermiform to myrmekitic 
bn in cc 
idiomorphic p 
bn-cc veinlets; cp veinlets 
subspherical aggregates of 
hematite plates; inter-
stitial cc 
mutual boundary cp in bn 
bn in cp veinlets within p 
lamellar intergrowths 
he marginal to lamellar 
cc-dj intergrowths 
cc-dj intergrowths within 
poikilite he 
cc cv rims on bn 
vermiform bn in cc or dj 
bn iri cp 
bn in cp 
cp(l) in bn; fringes of 
cp(2) id cv cc intergrowths 
he in cp cc rims 
cc rims 
cp cc cv rims 
cc cv rims on bn cp 
lamellar intergrowths dj 
cc in skeletal he 
cc rims 
cp in bn 
vermiform cc in bn 
cc rims 
14 
Origin of Texture 
ex solution from 
bn-cc s.s. 
cv, some cc, supergene 
ex solution from 
bn-cp s.s 
inversion of high di 
hexagonal cc l93oc 
cv supergene 
cc cv supergene 
bn cp s .. s ex solution 
cp(2) id CV CC 
supergene 
cc supergene 
cc supergene 
cp cv cc supergene 
cc cv supergene 
CV supergene; inversion 
of high di-hexagonal 
cc hematite mixture 
at 93°c 
cc supergene 
bn cp s.s ex solution 
cc supergene 
bn cc s.s ex solution 
cc supergene 
Notes: (1) bn bornite; cc chalcocite; cp chalcopyrite; cv covellite; di digenite1 
dj djurleite; he hematite; id idaite; p pyrite; ss solid solution. 
(2) dj cc or cc bn assemblages dominant in the Nos. 1, 2, 3, 4, 5, 13 and 
14 concentrations. 
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alteration mineral assemblages are not associated with all 
known faults and joints within the Mission Group. It is 
necessary, therefore, to be able to test whether those 
lineaments which are not associated with the copper concen-
trations are significantly different from those which are. 
Trends of 154 lineaments detectable on 1:3100 scale 
airphotos of the Mission Group were measured, and as the 
di str ibu ti on of trends is non-normal (Fig. 1. 3) , a non-
parametric statistical test, the Wilcoxon .Test, was employed 
to test whether the two populations of lineament trends are 
different. 
The Wilcoxon Test technique is detailed in Appendix 
2, and it in~icates that the two populations are significantly 
different at the 95% confidence level. The result must be 
interpreted cautiously, because of the limitations of the 
method used to collect the sample data. All lineaments of 
the size used in the test which exist in the area are 
probably not detectable on the airphotos. The smc;iller 
lineaments mapped on the 1:1200 scale geological maps could 
not be observed on the airphotos, and because only a small 
area of the Mission Group was mapped on the 1:1200 scale, 
these were not included in the test samples. 
This result indicates that lineaments of a 
particular trend were the favoured loci of copper sulfide 
deposition or that the lineaments which are not associated 
with copper concentrations developed after the copper 
concentrations formed. 
2. Mineralogy 
The mineralogy of individual copper concentrations 
studied is summarised in Table 1.4. Other concentrations 
consist of malachite, chrysocolla and azurite. 
The techniques used to identify sulfide phases and 
intergrowths are detailed in Appendix 1. 
Chalcocite (cu 2s), djurleite (Cui. 97 sl and anilite 
(cu1 . 75 s) are difficult to distinguish optically (Roseboom 
1966; Morimoto et al. 1969) . X-ray data can distinguish 
them: both djurleite and anilite qave a moderately intenqe 
reflection at 3.35A which distinguishes them from chalcocite; 
-so• 
2ao0 
-as· 
COPPER BEARING LINEAMENTS 
Figure 1.3 Lineament Trends. 
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the 3.04A reflection of djurleite distinguishes it from 
anilite. Also, studies on the phase relations of these 
copper sulfides indicate that chalcocite-djurleite, 
djurleite-anilite and anilite-covellite assemblages are in 
equilibrium at 25°C (Morimoto et al. 1969). Because 
disequilibrium assemblages of these minerals are not likely 
to occur naturally (Brett 1964, Roseboom 1966, Yund & 
Kullerud 1961, 1966) the intergrown sulfides would consist of 
chalcocite-djurleite or djurleite-anilite, but not chalcocite-
anilite. The presence of chalcocite in all assemblages thus 
indicates that the intergrown phase is djurleite, and this 
was confirmed by the diffraction data. X-ray diffraction 
patterns of the djurleite-chalcocite assemblages are listed 
in Appendix 1. 
The bornites are normal tetragonal types. No 
sul fur,-r ich or 11 x 11 borni te was detected. The sulfur-rich 
bornites exsolve chalcopyrite on annealing at temperatures 
above 70°C and they have a shorter (-0.03~) a cell edge 
(Brett & Yund 1964; Yund & Kullerud 1966). None of the 
Warburton bornites exsolved chalcopyrite after annealing at 
100° to 150°C for two days in an oxygen free atmosphere (the 
presence of oxygen would cause possible oxidation of bornite 
and consequent.appearance of chalcopyrite). The ~ cell edge 
of the Warburton bornites could not be measured with the 
level of precision required to distinguish the two types. 
The hypogene copper sulfide intergrowths in the 
Nos. 1,2,3 and 14 concentrations are djurleite and chalcocite. 
They consist of 20-80% chalcocite and are intergrown with 5 
to 40% hematite, which forms poikilitic grains containing 
crystallographically oriented chalcocite-djurleite 
inclusions. These intergrowths occur within selvedges of 
hematite. The bornite-chalcocite assemblages consist 10-90% 
cha1cocite and the bornite-chalcocite-chalcopyrite assemblages 
consist of 5-80% bornite 5-40% chalcopyrite. These 
assemblages contain 1-5% hematite which occurs within bornite 
or chalcopyrite. No magnetite was detected in any of the 
occurrences studied. 
The djurleite-chalcocite assemblages are 
quantitatively most important in the Nos. 1,2,3 and 14 
concentrations. The bornite~chalcopyrite or bornite-
chalcocite assemblages are minor, isolated occurrences 
within amygdules, faults and joints. 
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The bornite and chalcopyrite assemblages have been 
partly replaced by supergene chalcocite-type minerals, 
covellite, chalcopyrite 1 minor idaite and goethite. 
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CHAPTER 2. THE ALTERATION ENVIRONMENT 
2.1 INTRODUCTION 
The close association of the alteration mineral 
assemblages and the copper concentrations in the Mission 
Group, together with the association of similar alteration 
assemblages with native copper-chalcocite type copper 
concentrations within basalt and interbedded sediments in the 
Keeweenaw Peninsula, Michigan (Lindgren 193~; Cornwall 1956; 
White 1968), in the Coppermine River area, Canada (Baragar 
1969; 
1951; 
Kindle 1970), in the Siberian lava platform (Cornwall 
Kavardin & Golubkov 1968), in the Kimberley region, 
Western Australia (Dow & Gemuts 1969), in north east Western 
Australia (Bultitude pers. comm. 1971) and in the numerous 
other occurrences described by Lindgren (1932) and Cornwall 
(1956) suggest that both are produced by the same alteration 
system. 
An approximation of the chemistry of the alteration 
system is derived by considering the formation temperature 
and pressure of similar alteration mineral assemblages 
elsewhere, the Cu-Fe-S-0 system and a qualitative hydro-
thermal model which produces an alteration assemblage similar 
to the observed assemblage by reaction with basalt. 
The rhyolites show very little alteration apart 
from devitrification and therefore will not be considered to 
have influenced the composition of the aqueous phase within 
the basalts. 
2.2 ESTIMATES OF PARAMETERS 
2.2.1 Estimates of Formation Temperatures and Pressures: 
Alteration Assemblages 
~xperimental work (Coombs et al. 1959; Campbell & 
Fyfe 1965; Landis & Rogers 1968; Liou 1970, 197la, 197lb, 
197lc; Nitsch 1971; Thompson 1971) and observations of• 
natural assemblages in New Zealand (Coombs et al. 1959; 
Coombs 1960) , eastern Australia (Chappell 19 68; Smith 1969; 
Nashar & Purvis 1971), Japan (Seki 1961, 1969; Seki et al. 
1969a, 1969b, 1971), Washington, Michigan and Maine, U.S.A. 
(Hawkins 1967; White 1963; Coombs et a1. 1970) , Puerto 
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Rico (Otalora 1964; Jolly 1970) , Chile (Levi 1969) and in 
northwest Germany (Herrman & Wedepohl 1970) together with the 
thermodynamic studies of Zen (1961), Albee & Zen (1969) and 
Coombs et al. (1970) indicate that prehnite and epidote 
assemblages develop at depths of 1 to 7 km (i.e. at litho-
static pressures of 0.25 to 1.75 kb) between 250° and 400°C 
within sequences composed dominantly of volcanic rocks. 
Observations on active geothermal areas in New 
Zealand (Steiner 1953, 1968; Browne & Ellis 1970), Japan 
(Seki 1970; Seki et al. 1968, 1969), Kamchatka (Ellis 1969; 
White & Sigvaldson 1~62), Western U.S.A. (Sigvaldson & White 
1969) and in Iceland (Sigvaldson 1962) indicate that epidote-
bearing assemblages develop at depths of 0.1 to 1.3 km (i.e. 
at fluid pressure of 10 to 85 bars) at 150° to 290°C. 
Prehnite was observed at Wairakei, New Zealand associated 
with adularia at temperatures of 198° to 213°C (Steiner 1953) 
and pumpelleyite was observed at Hveragerdi and Reykjavik at 
depths greater than 100 m (Sigvaldson 1962) . 
It is evident from these studies that an aqueous 
phase is involved in the formation of minerals of the 
prehnite-pumpelleyite facies. 
Variation in depths and temperatures of formation 
of the prehnite-pumpelleyite facies is the result of the 
interaction of several factors, the most important being the 
geothermal gradient. This can be seen if the depth of 
formation of these mineral assemblages in geothermal areas 
(i.e. areas with a high geothermal gradient) and the depth of 
formation in areas of low geothermal gradient are compared: 
the hot spring assemblages develop at depths of 0.1 to 1.3 km 
and the assemblages from areas of low geothermal gradient 
develop at depths of 1 to 7 km. Furthermore, in near surface 
hot spring systems with a circulating aqueous phase, the 
aqueous pressure is about one third of the total pressure and 
therefore the stability fields of less hydrous species such 
as albite and epidote are expanded to lower temperatures 
through lowering of water activity and effects of pressure 
decrease on dehydration reactions characterised by volume 
increases (Coombs et al. 1959). This difference between the 
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total pressure and the aqueous phase pressure is a function 
of rock permeability. 
However, if the carbon dioxide activity is high, 
and if it is perfectly mobile (Zen 1963), zeolite formation 
will be suppressed, with formation of calcite-montmorillonite 
assemblages. With increase in carbon dioxide activity, 
formation of epidote and prehnite will also be inhibited by 
calcite precipication (Zen 1961, Albee & Zen 1969, Coombs 
et al. 1970). If carbon dioxide is not perfectly mobile, and 
if its activity is lowered as a result of calcite formation, 
zeolites~ epidote and prehnite may appear in the alteration 
assemblages. If the carbon dioxide activity gradually 
decreases in the alteration system, a zonation of assemblages 
may result with zeolites appearing in the region of low 
carbon dioxide activity (Zen 1961, Albee & Zen 1969, Coombs 
et al. 1970). 
The activity of carbon dioxide and activities of 
other mobile components such as water, sodium, and chloride 
ions and the activities of silica and other dissolved 
electrolytes will clearly be dependent on host rock 
mineralogy, the initial composition of the aqueous phase, and 
the degree to which the system is open to the mobile 
components. The activities of the mobile components which 
are initially fixed outside the system will also be dependent 
on the buffering ability of the system; this buffering 
ability is ultimately a function of the host rock 
composition (Zen 1961, Albee & Zen 1969), reaction rates and 
solution flow rates (Zen 1963, Helgeson 1967a, 1967b, 1970a). 
The relative amount of alteration minerals produced will be 
dependent on reaction rates and solution flow rates (Zen 
1963, Helgeson 1967b). 
Certain general features of the alteration 
assemblages give indications of these interacting factors. 
Zonation of alteration assemblages, with zeolite assemblages 
overlying prehnite-bearing assemblages which in turn overlie 
epidote-bearing assemblages (White & Sigvaldson 1962) 
indicates regular variation in the activities of various 
components such as carbon dioxide, H+, ca++, Na+ and silicic 
acid complexes. The vertical extent of the individual zones 
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is greatest and zonal contacts diffuse in areas of low 
geothermal gradient. Minerals such as wairakite indicate a 
high geothermal gradient and low carbon dioxide activity. 
Actinolite and lawsonite within epidote-bearing assemblages 
indicate a high load pressure (> 3kb for lawsonite) and 
consequently a lower geothermal gradient. 
Application of these observations to the 
alteration assemblages within the Mission and Cassidy Group 
basalts indicates that a relatively high geothermal gradient 
existed because the contact of the prehnite- and epidote-
bearing zones is distinct and because actinolite and 
lawsonite are absent from the Cassidy and Mission Groups. 
A zeolite zone was not observed at Warburton: 
this could be the result of coverage of zeolite-bearing 
basalts by sand at the top of the Mission Group or could be 
the result of high carbon dioxide activity during alteration 
preventing the appearance of zeolites. However, laumontite 
occurs within prehnite-bearing assemblages in chemically 
similar basalts in the Portage Lake Lava Series (White 1968) 
associated with calcite; its absence from the prehnite zone 
coupled with the occurrence of abundant calcite indicates 
that high carbon dioxide activity is the most likely reason 
for the absence of a zeolite zone. 
If the data for geothermal areas in basaltic rocks 
is combined with experimental data, a range of 200° to 300°C 
is indicated for the formation temperature of assemblages 
within the Mission Group. Fluid inclusion studies on 
quartz and calcite in similar alteration assemblages in the 
Portage Lake Lava series give ambiguous results: quartz 
gives a range of 295° to 360°C and calcite 140°C (Stoiber 
& Davidson 1959). The copper sulfide and copper-iron 
sulfide assBmblages are consistent with this estimate. 
The alteration assemblages within the Cassidy 
Group formed below 480°C; this is the approximate upper 
stability limit of pumpelleyite in the present of water and 
quartz (Landis & Rogers 1968). In natural systems, the 
upper stability limit of pumpelleyite is below this as it is 
replaced by actinolite, epidote and related minerals at 
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lower temperatures (Landis & Rogers 1968). The lower limit 
is 300°C because paragonite appears in these assemblages above 
this temperature (Helgeson 1967a). If 250°C is accepted as 
the formation temperature of the Mission Group alteration 
assemblages and 350°C as the formation temperature of the 
Cassidy Group, a geothermal gradient of 100°C km-1 would be 
indicated. 
The inferred high geothermal gradient would require 
a local heat source. Such a heat source would initially be 
provided by heat released on crystallisation of silica and 
felspar glass to quartz and felspar (Ellis 1967) within the 
rhyolitic ignimbrites. The large volume of this rock (the 
rhyolites have a 1.4 km thickness in the area) would ensure 
an adequate heat source for the heating of the Cassidy Group 
basalts and the Mission Group basalts as well if the rhyolite 
devitrification continued after their extrusion. The 
devitrification of rhyolite produces 60 cals gm- 1 (this value 
is derived from data presented by Ellis 1967). The heat 
produced by the devitrification of two km3 of rhyolite would 
be sufficient to heat one km3 of overlying basalt to 160°C 
assuming heat transfer by conduction and ground water 
convection. The specific heat of basalt is assumed to be 
0.2 cals gm-1, and the densi-ies of both basalt and rhyolite 
are taken to be 3.0 and 2"5 gms cc-1 resp ctively. If the 
basalts adjacent to the rhyolites contained 1% interstitia 
water, the temperature rise would be 40 C. However~ this is 
clearly an ideal case: steep temperature gradients would 
result because of the limited extent of zones of free 
circulation and the low thermal conductivity of basalts. The 
zones of free circulation would be at a higher initial 
temperature than the enclosing rock and the water temperature 
would be much higher than 40°C. This initially circulating 
hot water would promote hydration reactions within the 
basalt, and as most hydration reactions are exothermic, th s 
would contribute to the overall heating effect. As Ellis 
{1967) points out, this mechanism would be particularly 
effective as a means of propagating heat during th~ initial 
heating up of a large volume of aquifer. For example, at 
25°C, the alteration of one mole of anorthite to produce two 
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moles of albite liberates 10 kcal, and reactions involving 
production of albite and montmorillonite-type minerals from 
anorthite liberate - 100 to 200 kcal. Reactions involving 
replacement of epidote by prehnite will produce -80 kcal. 
The heating effect of these reactions will be countered by 
the positive enthalpies of reactions such as the production 
of chlorite from anorthite, chlorite from plagioclase and 
epidote from ~lbite; these are at 25°C, 60, 80 and 20 kcal 
respectively. These reactions are described in more detail 
in Section 2.3. The nett heatirig effect of these reactions 
will depend on the relative reaction rates and on the 
temperature of reaction. The initial heating effect will 
depend on the rate of rhyolite devitrification and on the 
amount of circulating wate~ in the basalts. 
A depth of burial cannot be estimated by structural 
interpolation as the top of the Mission Group is a 
disconformity. The inferred geothermal gradient indicates a 
shallow burial depth ( -2 km) . 
2.2.2 Estimates of Temperatures, Sulfur and Oxygen 
Fugacities; the Cu-Fe-S-0 System 
The kinetic studies of Brett (1964) and studies of 
the Cu-Fe-S and Cu-s systems by Roseboom (1966), Yund & 
Kullerud (1961, 1966) and Taylor & Kullerud (1970) have shown 
that phases in the bornite or high digenite and bornite-
chalcopyr i te solid solution fields equilibrate continuously 
with falling temperature by exsolution and inversion beldw 
their respective solvii, i.e. phases within this part of the 
system are non quenchable. Limited solid solution only 
occurs within phases along the bornite-chalcopyrite and 
bornite-digenite (or bornite-chalcocite-djurleite or bornite-
anilite) joins, e.g. phases on the Cu9S5-Cu5FeS4 and 
cu 2s-cu 5Fes 4 joins exsolve bornite until the Cu9S 5 (or Cu2S 
etc.) phase contains 6 wt % Fe (Yund & Kullerud 1966; Taylor 
& Kullerud 1970). 
It is evident that, apart from the 11 x-bornite 11 
which forms below 75°C in red bed copper concentrations and 
which exsolves chalcopyrite on annealing at 75°C or above 
(Brett & Yund 1964; Yund & Kullerud 1966) phases within this 
part of the Cu-Fe-S-0 system cannot be used as a 
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geothermometer. An estimate can be obtained if single 
crystals consisting of either a single Cu-s phase (maximum 
estimate) or admixed bornite andcu-s type phases (minimum 
estimate) exist. It would be most. unlikely for the aqueous 
phase to deposit a Cu-s phase above 83°C which would give 
either pure djurleite (Roseboom 1966) or anilite on cooling. 
The bulk composition of the mixed-phase crystals would have 
to be determined before the minimum temperature estimate 
could be made. No such crystals were found and therefore an 
independent temperature of formation estimate cannot be made. 
The sulfur and oxygen fugacity (fs 2 , f0 2 ) ranges 
during precipitation of the copper sulfides from the aqueous. 
phase at 250°C were estimated from the mineralogy of the 
assemblages. The equilibrium constants of the appropriate 
reactions were taken from Helgeson (1969). 
Chalcocite is in equilibrium with native copper at 
250°C at a fs 2 of lo-23. The absence of native copper 
indicates that this is a minimum estimate. However, in other 
copper concentrations within a similar environment, both 
native copper and chalcocite occur, and hence the fs 2 quoted 
above would be. closer to the maximum for these occurrences. 
The presence of chalcqpyrite-pyrite assemblages and absence 
of pyrite-bornite assemblages indicates that the maximum fS2 
was lo-8.5. These chalcopyrite-pyrite assemblages are rare 
and quantitatively insignificant relative to the chalcocite-
djurleite assemblages, and the fS 2 during the formation of 
the chalcocite-djurleite assemblages was probably closer to 
the minimum estimate presented above. 
The absence of magnetite and presence of hematite 
within the alteration mineral assemblages and within the 
chalcocite-djurleite intergrowths indicates that the f0 2 was 
greater than lo-3 2 · 8 . Because hypogene cuprite does not 
occur, the fo 2 must have been less than lo-25.8 during 
sulfide deposition, if the fS2 was close to the minimum value 
of lo-23. This estimate of the maximum f02 was determined 
from the reaction: 
.·.;. 
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The equilibrium constant was derived from the appropriate 
reactions in Helgeson ( 1969) . 
The activities of the dissolved sulfur species such 
as so 4 , Hso 4 , HS- and s-- are dependent on pH, oxidation 
I 
state (or oxygen fugacity) and on the total sulfur 
concentration. The relation between the activities of these 
sulrur species, pH and oxygen fugacity are shown in Fig. 2.1, 
which was constructed from the thermodynamic data presented 
by Helgeson (1969). Reaction paths which involve change of 
pH, or oxipation state will tend to cause either 
precipitation or leaching of copper sulfides as a result of 
production of removal of free s-- ion. The relative changes 
of these variables with reaction progress are described in 
section 2.3 of this chapter. 
2.3 AN ALTERATION MODEL 
2.3.l Assumptions and Limitations 
In view of the uncertainties inherent in estimation 
of temperature and initial composition of the aqueous phase, 
effects of compositional variation in alteration minerals such 
as epidote, prehnite, montmorillonite and chlorite are m~inly 
ignoreo. Compositions selected are shown in Table 2.1, and 
were chosen to be consistent with the composition of the 
basalts and inferred high sodium content of the aque6us 
phase (see below) . The calcium-sodium beidellites exhibit 
continuous solid solution, and provisions for calcium-sodium 
montmorillonite precipitation are made where indicated. 
Effects of pressure variation on dissociation 
equilibria and on hydrothermal oxidation-reduction reactions 
are small at temperatures below 300°C and at pressures below 
about 3 kb (Garrels & Christ 1965; Helgeson 1967a, 1969); 
pressure effects were therefore not considered. However, 
variation in pH 20 on dehydration equilib:ria such as albite + 
water + analcite + quartz is significant at lower 
temperatures because of the relatively large difference of 
molar volumes of reactants and products. This variation of 
PH 2o occurs in hot spring systems with a freely circulating 
aqueous phase; 
surface, pH 20 
if the springs reach the surface or are near 
~ 1/3 Pload within permeable zones and pH 0 ~ 2 
Table 2.1 
Alteration Mineral Compositions 
used to Contruct the Activity Diagrams 
*chlorite Mg5Al 2si 3o 10 COH) 8 
clinopyroxene CaMg(Sio 3 > 2 
epidote co 2FeA1 2si 3 o 12 COH) 
zoisite ca 2Al 3si 3o 12 (0H) 
laumont~te CaA1 2Si4012 .4H 2o 
*Ca-montmorillonite ca 0 . 167Al 2 • 33 si 3 • 67 o 10 COH} 2 
*Mg- II 
*Na- ... 
prehnite 
Fe-prehnite 
Mg0.167Al2.33Si3.670lO(OH)2 
Na0.33A1 2.33Si3.670lO(OH)2 
Ca 2Al 2si 3 o10 (0H) 2 
Ca2A1Fesi3010(0H)2 
Note: *Composit~ons taksn from Helgeson (1969) 
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P1oad under osmotic conditions in impermeable zones (Coombs 
et al. 1959; Greenwood 1961). The effect of decreasing 
pH 20 under constant Pload is to lower dehydration 
temperatures; for the reaction analcite + quartz + albite 
+ water (Greenwood 1961) a decrease of pH 0 to one third 
2 
Pload will cause a ~50°C drop in the dehydration temperature 
of analcite. At lower temperatures, the drop is greater as 
l:. T becomes larger for the univa~iant P-T dehydration curve. E:P 
Effects of variation of Pa 0 on alteration mineral 2 
assemblages in the basalts are not considered, because no 
clear evidence of this mechanism was noted in the area, e.g. 
the occurrence of albite within original permeable zones and 
analcite and zeolites within the enclosing rock would 
indicate the operation of this mechanism. 
Standard states adopted in the discussion are the 
same as those adopted by Garrel~ & Christ (1965) and by 
Helgeson ( 196 7 a, 19 69) , i.e. the standard state for the 
aqueous phase was taken to be a hypothetical one molal 
solution (with a reference state of infinite dilution) and. 
the standard state was taken to be unit activity at one 
atmosphere ( 1 bar) and at the stated temperature (250°C). 
The activity of water was taken to be unity as water 
activity does not depart significantly from one in natural 
hydrothermal systems (Helgeson 1967a, 1967b, 1969). 
The thermodynamic methods used to calculate the 
high temperature equilibrium constants of reactions involving 
epidote, prehnite and laumontite are summarised in 
Appendix 5. Reactions used to determine the equilibrium 
boundaries on the activity diagrams are also listed with the 
derived thermodynamic data, with the requisite equilibrium 
constants being taken from Helgeson (1969a). 
The reactions were written to conserve Al+++ i.e. 
changes in mass transfer of A1+++ between reactant and 
product minerals were neglected as these changes are 
insignificant for most hydrothermal reactions (Helgeson 
1968) . Furthermore, the concentration of Al+++ in natural 
hydrothermal solutions is so low that even large changes of 
. . . i f l+++ . h . activit.es o A during ydrothertnal reactions do not 
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significantly affect mass transfer among solid pha~es in the 
system (Helgeson et a1~ 1969). 
The aqueous phase was as~umed to be saturated with 
sio 2 (as e 4 siO~). The quartz associated with epidote, 
·albite, ~rehnite and microcline within amygdules and 
microfractures within the basalts indicates that this is a 
reasonable assump~ion. The basalts are interbedded with 
quartz~rich rocks i.e. quartzites, arkoses and rhyolit~ 
pebble conglo~erates and these would probably ensure silica 
saturation. 
The changes in activities of the appropriate 
co~ponents, with reaction progress and hence reaction path 
are dependent on the ielati9n 
d log(a1/aH+z1l · 
d log(a 2/aH+z 2 ) 
= 
m2(n1aH+ - Z1m1fiH+yH+) 
m1Cfi2ae+ - Z2m2i'iH+y H+j 
whe~e a is the activity 0£ the appropriate aque9us ~pecies, 
' .. 
m is the molality of the appropriate species, ~ is the 
rea~tion coefficient. (as writ~en in the appro~riate ~e~ction) 
2, 
of ~he.appropriate species, Z is the charge o~ the ~peqies 
( su~scr ipted} and y H+ i~ the activity coeff ic:ient of H+:. If 
a8+~is small relatiye to the activities of th~ othe~ s~ecies, 
thi~ relation reduces to 
d 1og(a1/aH+z 1 ) 
d 1og(a 2/aH+z 2 ) 
= 
The~e relations were derived from equations (10) and (63) in 
l 
Hel~eson (1968). Thus if the initial composition of the 
aqu~ous phase is known, and relative reactio~ rates_ are 
I 
kno~n, the reaction path can be determined and hence changes 
in the composition of the aqueous phase and amounts of 
alteration minerals produ.ced can be determined (Helgeson 1969). 
) ; 
As ~ good approximation the reaction rates c~n be taken to be 
det~rmined by the relative amounts of the reactant phases 
present (Helgeson et al. 1969). Consequently, if the 
relative amounts of the alteration assemblages are known, it 
would be possible to determine the reaction path as well as 
the' initial composition of the aqueous phase. 
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Because the relative amounts of the alteration 
minerals are unknown, it is not possible to determine a 
precise reaction path and the initial composition of the 
aqueous phase. The observed alteration minerals can be 
produced by reaction of an aqueous phase with a relatively 
wide range of initial compositions (the stippled field in 
Fig. 2.2). The pH of most natural waters is close to 
neutrality (Helgeson 1967a, Ellis 1971) and if the pH is 
assumed to have been close to 6 (the pH of pure water at 
250°C is 5.61), the initial composition ranges can be 
derived from the activity diagrams in Fig. 2.2. The high 
concentration of Na+ and very low concentrations of Mg++ and 
ca++ and.the inferred pH are consistent with observed 
concentrations of these ions in natural waters from deep 
drill holes iri hot springs (Ellis 1967, 1971) and in neutral 
chloride-rich brines (Ellis & Mahon 1964). The absence of 
laumontite imdicates that aco was sufficiently high to 
. 2 
prevent its formation. As can be seen in Fig. 2.2, the 
f 
calcite fielq precludes that of laumontite when log aco = 1. 
2 
Prehnite and calcite coexist within the Mission Group, and 
for these two minerals to coexist, log ac 02 must be in the 
vicinity of 2. Iron free prehnite may coexist with calcite 
when log aco;a is in the vicinity of 1. For laumontite to 
coexist with prehnite, lcig ac 02 must be less than 0.01 at 
2so 0 c. The log activity of carbon dioxide would therefore 
be between the limits 2.3 and 0.01, at least during prehnite 
precipitation in the Mission Group. These estimates are 
order of magnitude approximations only because of uncert-
ainties in the thermodynamic data used to determine the 
stability fields of epidote, prehnite and laumontite. 
Whether this range would represent the carbon dioxide 
concentration of the in~tial aqueous phase would depend on 
the carbon dioxide mobility. 
2.3.2 Reaction Path 
Because the initial composition of the aqueous 
phase cannot be estimated, the reaction path ABCDEF 
represents a general case for basalt alteration by a neutral 
aqueous phase at 250°C. The alteration reactions listed 
below are taken to approximate the actual reactions 
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occurring with reaction progress. "The generalised reaction 
path is represented by ABCDEF on the activity diagrams 
(Fig. 2.2). 
The initial reaction path of aqueous phases of 
this inferred composition is in the direction of pH 
decrease as .the activities of Mg++, ca++ and Na+ are 
several orders of magnitude gre~ter than that of H+ 
(Helgeson 196 7a, l 967b, Helgeson et al. 196 9) • However, if 
an iron-bearing phase is a major constituent of the 
reactant ph~ses this will .not necessarily occur (Helgeson 
1967a, 1967b, 1970a). 
Along.AB the pri~ary basalt·minerals plagioclase 
and clinopyroxene are altered to chlorite, ~ith a marked pH 
decre.ase. 
(1) 2albii;:e + anorthite + lOMg++ + 12H 2o + ca++ + 2Na+ + 
plagioclase· 4Sio 2 +.l6~+·2chlerite 
Because the Al+++ activity is low, clinopyroxene 
will only be altered if Al+++ is provided by a coupling 
reaction, e~g. 
(2) clinopyroxene + 4Mg++ + 6H 2o + anorthite + 2Ca++ +. 4H+ + 
Sio 2 + chlorite 
However, clinopyroxene shows.only incipient alteration or no 
alteration at all within the albite-chlorite alteration 
assemblages within lava flow cores and wit~in the 
. 
. amygdaloidal basalt~ adjacent to lava flow cores, and. it 
appears that very low Al+++ activity is the reaction 
inhibiting factor~ reactions of the type (2) above did not. 
occur within the lava 'flow cores. Fresh clinop~.roxene 
within albite-chlorite assemblages is widespread in spilites. 
ihe Al+++ activity in the circulating aqueous phase will be 
high only if the pH is low or very high. 
At point B albite appears as a reaction product 
together with chlorite at the expense of the anorthite 
component.of the plagiocla~e. As the ratio aNa+/aM9 ++ is 
high at this stage the major phase produced is albite. 
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(3) 2anorthite + 2Na+ + 3Mg++ + 3Si02 + 8Hi0 + 89+ + 2Ca++ + 
2 albite + chlorite 
(4) anorthite + 2Na+ +·4sio 2 + 2 albite + 2H 2 o +ca++ 
These reactions a~count for the o~served very fine-grained 
chlorite.inclusions within the albite; most of the chlbrite 
formed in interval AC was precipitated within amygdules and 
in the interstitial areas.of the rock fabric. 
Beyond point c, the chlorite produced in interval 
AC is.replaced by Mg-montmor~llonite as a result of the 
continued decrease in pH. In the interval CD the aqueous 
phase reacts.with the anorthite to produce albite and 
Mg-montmorillonite~ 
(5) 7chlorite + 68H+ + Sio 2 + 56H 2o + 34Mg++ + 
6Mg-montmorillonite 
(6) 15anerthite + 20Sio 2 + 2Na+ + 2Mg++ + 24H+ + !Sea++ + 
12Mg-montmorillonite + 2albite 
The chlorite shows only incipient replacement by 
montmorillonite; the reasons for this are discussed below. 
Calcite is associated with chlorite within amygdules in lava 
flow cores and flow core.margins. Textural relations 
indicate that calcite was precipitated after completion of 
chlorite precipitation. This may be the result of differing 
diffusion .rates of ~a++ and co 2 within impermeable zones; 
the ca++ released to the aqueous phase in the interval AC was 
unable to diffuse rapidly.enough into the more permeable 
zones during formation, and the resultant increase in aca++ 
at this stage was sufficient to cause local calcite precipit~ 
ation. There is no evidence for calcite precipitation 
preceding epidote precipitation in the original permeable 
zones such as lava flow tops and basalts (see below). 
In the interval AC the pH has decreased as a result 
of production of H+ ion by reactions (1), (2) and (3). As a 
result of the pH decrease, activities of dissolved species 
such as H2co 3 , HC03~, Hso 4 - and HS- (Fig. 2.1) show an 
increase. The decrease. in pH coupled with the decrease of. 
a 8 -- may increase the solubility of sulfide phases 
originally present in the basalts. The solubility of 
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sulfides will be enhanced if the oxidation state is high; 
formation of soluble sulfates (Fig. 2.1) will result. 
solubility will depend on the ape++ and pH as well (see 
reaction 20 below) . 
(?) cu 2s + H+ + 2cu+ + HS-
(8) cu 5Fes 4 + 4H+ + 4cu+ + cu++ + te++ + 4HS-
( 9) CuFes 2 + 2e+ + cu++ + Fe++ + 2Hs-
s-- + 20 .+ 
2 
This 
Because chalcocite solubility is greater than that 
of the copper-iron sulfides (Helgeson 1969, 1970b), removal 
of some, of the Fe++ produced in reactions ( 7) , ( 8) and ( 9) 
through chlorite (the chlorite, as written, is a Mg-chlorite) 
precipitation enhances the solubility of the dissolved 
sulfides. Conversion of sulfide ion to sulfate ion because 
of the high oxidation state also enhances the solubility of 
the dissolved sulfides. 
The primary oxide minerals of the basalts are stable 
in the inter~al AD within the Cassidy Group; they show no 
evidence of replacement by hematite. Within the Mission 
Group, the oxidation state (or oxygen fugacity) was high 
enough for hematite to replace magnetite. 
In reaction ( 10) , so 4 -- ion was used rather than o 2 to 
indicate the high oxidation state of the system as it is 
probably more realistic than is reaction (11) below. 
( 11) 
The higher oxidation state of the aqueous phase 
within the Mission Group is the result of either a near 
surface environment or oxidation of the aqueous phase by the 
fine-grained hematite present within the sediments. This 
hematite (or other hydrated ferric oxide) is an original 
constituent of the shallow water and subaerial sediments 
interbedded with the basalts. Hematite-bearing sediments do 
not occur within the Cassidy Group. 
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sulfides.will be enhanced if the oxidation state is high; 
formation of soluble sulfates (Fig. 2.1) will resul~. This 
solubility will depend on the aFe++:and ~H as well (see 
reaction 20 below) • 
(?) Cu2S + H+ + 2cu+ + HS-
(8) CuiFes 4 + 4H+ + 4cu+ + cu++ + te++ + 4Hs-
(9) CuFeS2 + 2H+ + cu++ + F~++ + 2Hs-
{9a) HS- + o 2 + HS04 
s-- + 20 2 . .+ so 4 
Because chalcqcite solubility is greater than that 
of the copper-ir6n sulfide~ (Helgeson 1969, 1970b), removal 
of ~ome of the Fe++ prodtic~d in reactions (7) 1 (8) and (9) 
through chlorite (the chlorite, as ~ritten, is a Mg-chlorite) 
precipitation enhance~ the solubility of.the dissolved 
sulfides. Co~~ersion of sulfide.ion to sulfate. ion because 
of.the high oxidati~n .state also enhances the solubility qf, 
the dissolved sulfides. 
The primary oxide .minerals of the basalts are stable 
in the interval AD within the Cassidy Group; they show.no 
evidence.of replacement by hematite. Within the Mission 
Group, the oxidation state (or oxygen. fugacity) was high 
enough for hematite to replace magnetite. 
In reactien.(10)', so4 -- ion was used rather than o2 to 
indicate t~e high oxidation state.of the system as it is 
probably more realistic than is reaction (11) below. 
( 11) 
The higher oxidation state of the aqueous phase 
within the Mission Group is the result of either a near 
surface environment or oxidation of the aqueous phase by the 
fine-grained hematite present within the sediments. This 
hematite (or oth~r hydrated ferric oxide) is an original 
constituent of the shailow water and subaerial sediments 
interbedded with the basalts. Hematite-bearing sediments do. 
not occur within the Cassidy Group. 
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It can be seen that reactions (7), (8) and (9) tend 
to increase the acu++ (and acu+l and the aso4 (if the 
oxidatibn. state is high) of t~e aqueous phase in interval AD. 
Replacement of magnetite by hematite will expel cu2+ and 
zn 2+ (reactions 2 and 10). As zn 2 + does not occur as a 
sulfide in basalts, and is readily accommodated in the 
chlorite structure, azn++ in the aqueous phase does not 
increase significantly in the interval AD. T~e total apb++ 
of the aqueous phase is low because of its low concentration 
in basalts. The geochemistry of copper, zinc and.lead in 
basalts and alteration minerals is describ~d in detail in 
Chapters 3 and 4. 
The copper is complexed mainly as Cuc1 3--, Cuc1 4 --
and cuc1+ in solutions of this composition (Helgeson 1969} . 
The sulfur contributed to the aqueous phase by the initial 
dissolution of the copper sulfides would exist mainly as 
so 4 -- because of the high oxidation state within the Mission 
Group (Fig. 2.1). 
Because of the pH qecrease in the inter'Vc;i.l AD, the 
hematite produced by reaction (10) and the unreplaced 
magnetite becomes more soluble in th~ aqueous phase. 
(12) 6H+ +++ Fe 2o 3 + + 2Fe + 3H 2 o 
( 13) Fe 3o 4 + 
+ 2H + Fe 203 + H20 + Fe++ 
The leaching of the hematite and primary copper 
sulfides would be expected to be most intense within rocks 
adjacent to faults or fractures containing the circulating 
aqueous phase because of the continued supply of H+ ions. 
This reaction is consistent with the distinct, narrow 
bleached hematite-free haloes within hematite-rich rocks 
adjacent to the faults and joints containing the chalcocite-
djurleite lenses. These haloes are depleted in copper and 
depletion extends beyond the zone of hematite removal: the 
copper content is - 7ppm within these leached zones 
(Chapter 4) . 
Beyond point D~ in the interval DE, the aqueous 
phase reacts with anorthite to produce montmorillonite and 
albite. The montmorillonite produced consists mainly of the 
calcium-beidellite end member even though aNa+ is high 
(Helgeson 1970b). 
(14~ 15anorthite + 2Na+ + 20Sio 2 + 13ca++ + 2albite + 
12Ca montmori1lonite 
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(15) 4anorthite + 2Na+ + 6Si0 2 + 6H+ + 3Na montmori;J..lonite + 
albite + 4ca++ 
These reactions, together with reactions (5) and 
(6) account £or the fine-grained "phyllosilicates" 
including montmorillonite present within albite and chlorite 
and within interstitial areas of the rock fabric. 
The reactions in interval DE increase the pH, and 
the a 8 -- woul~ be increased slightly through increased 
dissociation of HS-. This can be deduced from Fig. 2.1. 
Furthermore, replacement of magnetite by hematite (reaction 
13) increases the aFe++· With increase in the a 8 __ an~ 
aFe++ sulfide solubility would ten~ to be lowe~e~ and copper 
iron sulfides precipitated. 
( 16) 4cu+ + cu++ + Fe++ + 48 + Cu5FeS4 
(17) cu++ + Fe++ + 2s-- + CuFeS2. 
( 18) Fe++ + 2s-- + FeS 2 
Hem~tite may also be precipitated as a result of the pH 
increase. 
However, chalcopyrite-pyrite-bornite assemblages withi:n tlle 
copper concentrations are quantitatively insignificant with 
respect to the chalcocite-djurleite type copper concentra-
tions. This is observed in all known occurrences of copper 
concentrations within this type of environment and it is a 
result of the high oxidation state. The dominant sulfur 
species are so 4 -- and Hso 4 -; pH changes will vary the rati~ 
a 80 --/aHSO _ without causing significant increases in a 8 --. 4 4 
This can be seen in Fig. 2.1, where the limits of the 
inferred oxygen fugacities in the aqueous phase within the 
Mission Group are shown. 
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In interval DE aFe++ is increased with decrease in 
aH+. The aso4--/as-- ratio is high because of the high 
oxidation state (Fig. 2 ~ 1} . As a result, reaction ( 2 0) is 
displaced to the tight, aFe++ is decreased, a 8 -- increased, 
I ' 
and coppet rich sulfides are preqipitated according to 
reaction ( 21) . 
(20} 8H2·o + S04-- + 8Fe++ s-- 16 + ' 4F + + H + e 2 o 3 
Reactiqn (20) is consistent with the observed 
association of chalcocite-djurleite-hematite in hematite rich 
wall rocks in all known occurrences of copper c-0ncentrations 
within this type of environment and within "red beds". 
Furthermore, the djurleite-ch~lcocite lenses in the Nos. 1,2, 
3,4 and 14 copper concentrations in the Mission Group are 
within selvedgei of hematite and are partly intergrown with 
hematite (Table 1.4), i.e. hematite was precipitated 
initially as would be expected, and continued during sulfide 
deposition. Copper-iron sulfides ~re rare or absent within 
these djurleite-chalcocite intergrowths, as a result of 
removal of Fe2+ by hematite precipitation. 
The reaction (20) will be displaced to the right if 
the H+ diffuses away as rapidly as it is produced or is 
removed through cation exchang~ reactions with the enclosing 
+ock. This will occur if the hematite and sulfides are 
precipitated in faults or joints containing a freely 
circulating aqueous phase. The extent of leaching is 
controlled by the amount of hematite originally precipitated 
by reaction (20). The rapid removal of H+ is necessary to 
allow continued sulfide and hematite precipitation. 
Reactions (19) and (20) are thus also consistent 
with the distinct bleached haloes wit~in hematite-bearing 
conglomerates and basalts enclosing the djurleite-chalcocite 
lenses. 
At point E zoisite (in this case pistacite} is 
precipitated together with albite, chlorite and montmorill-
onite. However, the anorthite which was present up to E is 
considered to take no further direct part in reactions 
involving epidote as a result of complete jacketing by 
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alteration phases: no epidote. is observed in contact with 
anorthite. As a.result, the reaction will cease at E, and 
epidote, chlorite, montmorillonite and albite coe~ist in 
equilibrium. However, continued supply of ca++ through 
continued alteration of anorthite elsewhere will cause tbe 
reaction to prog~ess to E1 , and then again the reaction will 
cease when ca++ is no longer supplied. In the interval EEl 
epidote,will replace montmorillonite, albite and chlorite. 
(22) '26ca++ +. 7Fe 2o 3 + 12Ca-montmorillonite + 7H 2o + 2Sio 2 + 
s2e+ + 14epidote. 
(2i) 4ca++ + Fe 2o3 + 4albite + 3e 2o + 2H+ + 3Sio 2 +. 2Na+ + 
epidote 
(24) Ca++ + Fe20 3 + chlorite + e+ + Mg++ + Sio 2 +,H20 + 
epidote 
These reactions are.consistent with the abundance 
of quartz~ minor, hematite and observed rela~ipns of epidote, 
albite, chlorite and montmorillonite in the epidote ... be.r.:j.ng 
assemblages. These assemblages occur within the Cassidy 
Group together with paragonite (?) and within the.Mission 
Group. together with hematite. It is evident.that, because 
calcite is absent from the epidote- and quartz-bearing 
assemblages within ~he Cassidy Group, absence of minerals 
such as prehnite is a result of marked decrease in tha aca++ 
at E through removal of ~northite from the r~action sequence 
. ! ' 
as a.result of jacketing with alteration phases. 
Because albite and chlorite are the major phases 
present in all alteration assemblages reactions (23) and 
(24) are the rate determining reactions. 
The pH change along EEl will depend on the relative 
reaction rates of reactions (22), (23) and (241 and.hence 
will depend on the mole. fractions o"J;· albite, chlorite and 
montmorillonite present at this stage. 
The reaction path reached F as a result of 
continued anorthite decomposition maintaining a high aca++ 
because prehnite overlies epidote-bearing assemblages in the 
Mission Group. At F prehnite appe~rs within the alteration 
assemblages, and the reaction progresses to F1 on complete 
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replacement of epidote with prehn.ite and partial replacement 
of albite and chlorite. 
(26) 2epidote + Fe 2o 3 + 7H 20 + 6Sio 2 + 4Ca++ + SH+ + 
Fe pre:Qnite 
(27) 2albite + 4ca++ + Fe 2o 3 + SH 2o + 6H+ + 2Na+ + 
2Fe prehnite 
(28) 2albite + 2ca++ + 2H 2o + 3sio 2 + 2Na+ + 2H+ + prehnite 
These reactions are· consistent with the absence of.hematite 
and presence .of min9r quartz within the prehnite-bearing 
assemblages. 
At F1 aca++/a8 2 was sufficiently high to cause 
c~lc:i.te precipitation .•nd thus preclude further formation of 
prehnite and. 
laumontite provided the ac02 is buffered externally. The 
prehnite-bearing ass~mblage is associated w~th abundant 
calc:i.te, and for the Missi·on Group F1 represents the 
completiqn of reaction progress. At F1 log ac 02 ~ 1 if the 
prehnite is iron free, ·and log aco ; 2 if the prehnite is 
2 
i~on rich (Fig. 2.2) ~ If log ac02 -.01 the reaction will 
reach the point G,· where laumantite appears at the expense of 
prehnite. 
(30) prehnite + 2e+ + sio 2 +. 2H 2o + ca++ + laumontite 
The pH increase in.interval EF will tend to c~use 
precipitation of copper sulfides, but as there is no change 
in the oxidation state, the total amount precipitated would 
be. small. Reaction (20) de~onstrates that a lower~ng of the 
high ,oxidation state is necessary (in order to increase a 8 ~-> 
before large amounts of copper sulfides are precipitated. 
The appearance of prehnite causes a pH decrease and a 
consequent increase in sulfide solubility. The calcite 
associated with the prehnite may cause minor sulfide 
precipitation thro'\lgtt tnitial ;buffering of the pH, but again 
the high oxidation stat~ would preclude precipitation of 
abundant. sulfides •. Hc>wever, the pH b'\lfferiq, ability of the 
calcite is_ unkn(ilwn, •:;'•othing is known about the mobility of 
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ca++ and carbon dioxide at this stage; if mobilities are 
high, the calcite would act as a buffer until the concentra-
tions of ca++ or carbon dioxide begin to change (Helgeson 
1970b). 
The reaction path described above would result if 
there was no solution movement i.e. the alteration mineral 
assemblage within the Mission Group would consist of 
prehnite, albite and chlorite. However, movement of the 
aqueous phase will cause a zonation of alteration 
assemblages, with the late stage assemblages occurring 
within the more permeable zones and towards the top of the 
basalt sequence. Thus chlorite, albite and montmorillonite 
would be restricted to flow cores and flow core margins, and 
these would grade into epidote-quartz-albite-chlorite-
montmorillonite assemblages which in turn would grade into 
epidote-quartz and then prehnite-calcite assemblages (within 
the Mission Group) . Lava flow cores and the interior of the 
sills consist of unaltered primary minerals. The reaction 
sequence proposed is thus consistent with the observed 
alteration assemblages. If flow rates of the aqueous phase 
are slow, the degree of alteration to the late stage 
assemblages will be much higher, and the rock will be 
converted to epidote-quartz-chlorite-albite assemblages as is 
the case for the Cassidy Group. It can be seen that zonation 
of laumontite, prehnite and epidote-bearing assemblages is a 
function of the chemical potential of ca++ (or the ratio 
aca++/aH+2 (Helgeson 1970a)). 
2.4 DISCUSSION 
The major changes in basalt chemistry as a result 
of the alteration described are dependent on the initial 
composition of the aqueous phase, on the reaction path and on 
the mobilities of the various components under these 
conditions. An indication of the relative mobilities of the 
basalt components can be derived from observations of the 
alteration assemblages. 
The mobile components Na+~ co 2 and e 2o have been 
added to the basalts in phases such as albite, calcite and 
hydrous minerals. The original ca++ in the basalts has been 
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extensively redistributed because of initial removal during 
replacement of the anorthite component of plagioclase and 
subsequent precipitation in other regions as calcite, 
epidote, prehni~e and montmorillonite. The· Mg++ of the 
basalts appears to have been fixed in chlorite and 
montmoril1onite within the rock fabric and within adjacent 
amygdules. No magnesium-bearing phase was observed within 
the original permeabl~ zones such as. faults, joints and lava 
flow.tops. Some ·Mg++ may bave been.mobilised as a result of 
chlorite replacement by epidote. Fe++ behaved similarly to. 
Mg++, but within the Mission Group basalts, an increase in 
the basalt 6xidati9n state resulted from he•atite replacement 
of the primary iron-titanium oxides in tbe basalts. fe+++ 
released into the aqueous pha$e was fixed as hematite, 
epidote and prehnite. fe++ within the alterea clinopyroxenes 
was not affected by the alteration process, as it was 
probably fixe4 in the 6hlorite replacement products 
(Chapter 4). The mobility of the basalt.silica cannot.be 
determined from an examination of the alteration 
assemblages; its mobility would be dependent on the degree 
of silica saturition of the aqueous phase a~d if tbis was 
saturated with quartz (as H4Si04) as is assumed, the basalt 
Sio 2 would not show a.marked mobility, e.g. silica released 
as a result of alteration reactions would b~ more likely to 
be. precipitated in the original site of the reactant 
mineral. The mobility of K+ of the basalts also cannot be 
determined from the alterat~on assemblages; the microcline 
within the original permeable zones in the Mission Group 
basalts may have formed either from K+ originally present in 
the aqueous phase or from the basalt K+. 
The relative mobilities of the various components 
will also be reflected in the compositions of hot spring 
water. It is found for most thermal waters, excluding the 
Salton.Sea geothermal brines, that the sequen~e of 
concentrations of the cations and silica is 
Na+ > Si02 > ca++ > K+ >> Mg++ 
and for the anions, it is 
Cl > HC0 3 
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Sodium concentrations vary from 16,000 to 100 ppm, 
and the concentrations of Mg++, Fe++ and Al+++ vary from 
1 ppm .to <0. 01 ppm (Ellis. 1967, 1969; White 1967). If 
these data ar~ applicab~e to the thermal water which 
produced the alteration of the Mission and Cassidy Group 
basalts, it can be seen that the components least likely to 
be. redistributed, removed from or added to the basalts in 
large amounts are those which are present in low concen-
trations in the thermal water, namely Mg++, Fe++ (and Fe+++), 
Al+++, Ti 4+, Mn3+ (or Mn2+) and Po 4---. Because the 
concentrations of Mg++, Fe++, Fe+++, Al+++, Mn, Ti and P in 
the basalts are high relative to the concentrations in the 
aqueous phase, depletion or addition of these components 
relative to the original concentrations in the basalts would 
be slight. The Fe+++;Fe++ ratio will change because of 
oxidation, but the total iron content of basalts would not 
change markedly. For example, if the Mg++ content of 
thermal water within basaltic rocks is 0.02 ppm, and the 
thermal system exists for 10 6 years with an average renewal 
rate of all the contained thermal water every 300 years, the 
Mg content of the basalts will be depleted by 70 ppm 
assuming no magnesium to be present in the original aqueous 
phase. If the circulation resulta in thermal water replace-
men t once every l 00 years, the Mg will be decpbeted by 2 00 
ppm (0.02%). The estimates of Mg++ concentration in the 
thermal waters, of times required for water circulation and 
of the life of thermal systems are reasonable in the light 
of observations on modern thermal areas (Ellis 1967) . 
The gain or loss of the mobile components Na+, 
ca++, K+ and H4Si04 and the anions Cl-, so 4 --, HS0 4 - and 
co 3 -- in the basalts, will be dependent on the initial 
composition of the aqueous phase. Because concentrations of 
these in the aqueous phase are high, these components are 
most likely to show significant change in concentration in 
the basalts before and after alteration. Ellis & Mahon 
(1964) demonstrated experimentally that Sio 2 , Na, K, Ca and 
Cl are depleted moet rapidly within basalts on reaction with 
hot water at 150° to 350°C. The concentrations in the water 
phase, in ppm, after reaction at 250°C for 300 hours, were: 
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1170 (Sio 2), 150 (Na) , 47 (K) and, 3 (Ca). Tne concentration 
of Mg was less than 0~2 ppm. The basalts were depleted in 
these components in this, .case: the n,ett depletion or gain 
of- the basalts components from tne system is clearly 
depe~dent on the initiai composition of the aqueous phase. 
The mobilities of the trace elements will be 
dependent on the ease with whicn tney aie incorporated into 
the various alteration minerals. The mobilities of cu, Zn 
and Pb will be d~pendent on this and on tne concentrations 
of the various chloride and sulfur complexes in the aqueous, 
phase. Concentrations of cu, Zn and Pb within New Zea~and 
thermal spring water are extremely low, of the order.of 
0~02 to 0.002 ppm. (Ellis 1967). 
The most· reliable indication of the nett gains 
and losses of individual components in the basalts can be 
gained from the geochemistry of the basalts, provided ~e 
originaL basalt type can be identified. The nett changes 
in basalt composition as indicated by this comparison will 
give an approximate indicati011 of the initial composition 
of the aqtieous phase. The relative mobilitie~ of the t~ace 
elements can, also be determined. The nett gain or loss 
data of. the economically important elements such as le~d, 
zinc and copper can he used to deter~ine whethei these 
basalts are potential source roc~s for concentrations of' 
these metals. The geochemistry of the basalts.is described 
in Chapters 3 and 4. 
The high oxidation state, of the system minimises 
the effects of pH increase in.causing the dissolved 
sulfides to precipitate as almost. all sulfur is present as 
so4-- or eso 4 -~ Sulfides precipitated as a result of~pH 
change are quantitatively insignificant· in the waiburton 
area, and they tend to be iron-copper sulfide•. Such 
sulfides were precipitated in the interval CD d~ring 
albite, montmorillonite and chlorite formation and in. 
interval.EF1 during epidote.and prehnite formation. Tne 
Nos •. 1, 5, 13, 15 and 17· copper.~oncentrations are example~ 
of this type; they aie small isolated occurrences. 
Therefore, if the oxidation state of the system is not 
lowered, most of the mobilised copper will move out.of the 
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system (at point Fl or E1 (Fig. 2 0 2)) ~ The economic 
consequences of this are discussed in Chapter 5. However, 
if a rapid increase in aFe++ •nd as04 -- occurs within an 
oxidising envir6nment {i.e. the ratio as 04 --/as-- is large) 
and it. is capable of removing H+ ion as rapidly as it is 
formed, hematite and copper riQh sulfides will be 
precipitated (reacti~ns 20, 21). Such conditions will. 
occur within a fracture or fracture network within rocks 
containing fine-grained hemati~e, such as the conglomerates, 
quartzites or within permeable zones in lava flow tops. 
The Nos~ l~ 2, 3, 4, 7, and 14 copper ~oncentrations are of 
this type- Helgeson (1970b) has pointed out that-if the 
chloride concentration of the aqueous.phase is high, and 
the total sulfur is relatively low, sulfide precipitation 
will be inhibited through increased degree of formation 0£ 
the chloride complexes with resultant very low concentrations 
of free cu+ (or cu++) to react with available s--. Because 
the oxidation state.of the system is high, i.e. as-- is low, 
the ability of reaction (19) to precipitate sulfides wouid 
be.very.sensi~ive to chloride concentration. Dilution pf 
this aqueous phase and reduction of the sulfur in so4 -~ and 
Hso 4-- to s-- would .. be thus a very efficient.sulfide 
precipitating mechanism. This is discussed further in 
Chapter 5~ 
A magmatic origin or, weathering tzpe origin of the 
alteration assemblages and copper concentrations is 
preciuded.by the above considerations; they are both the 
result of hydrothermal alteration. It.is apparent that 
lineaments containing alteration mineral assemblages would 
have formed before or during the period of hydrothermal-
alteration~ The other lineaments of different trends formed 
after this period. The latter alternative presented in 
Chapter 1, i.e. whether lineaments of a particular trend 
acted as, loci. for formation.of the copper concentrations 
therefore appears to be invaiid. 
The alteration mineral assemblages are the same as 
those of spilitic rocks; however, the term spilite Will not 
be used, as it is demonstrated in Chapter 3 that the rocks 
are altered continental tholeiites. 
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CHAPTER 3. GEOCHEMISTRY OF THE BASALTS 
3.1 INTRODUCTION 
The estimates of mobilities of the various basalt 
components made are determined more precisely by comparison 
of the altered basalt composition with fresh basalt 
composition. 
Relatively large variations in the concentrations 
of Na 2o, K2o, Tio 2 , Si0 2 , Cu, Zn, Ba occur within basalts 
(Table 3.1) ~ The compositions of the groups were taken from 
Manson (1967) and the composition of the Cooma alkali basalts 
from unpublished data (Kesson 1972). The groups as shown are 
not distinct: there are gradations between them~ Tholeiite 
basalt is here defined as a rock which contains less than 
53.5% Sio 2 , moie than 45% sio2 and which plots within the 
tholeiite field of the modified Macdona1d-Katsura diagram 
(Fig. 3.1). The modified diagram was taken from Irving & 
Baragar (1971) who found that a modification was necessary 
because some unaltered basalts with a normative tho1eiite 
mineralogy plotted within the alkali basalt field of the 
original.Macdonald-Katsura diagram. 
The tholeiites are by far the most abundant, and 
they can be split into three main overlapping groups on the 
basis of chemical and.environmental differences. Basalts of 
the•e three groups are referred to as island arc~ oceanic and 
continental tholeiites. The chemical distinctions between 
oceanic and island arc have been described by Engel et al. 
(1965), Condie et al. (1969), Cann (1969), Pearce & Cann 
(1971) and Jak¥s & Gill (1970) and the distinctions betweew 
oceanic and continental tholeiites by Engel et al. ( 196 5) and 
Condie et.al. (1969). Chayes & Velde (1965) and Pearce & 
Cann (1971) showed that the most efficient linear 
discriminators between the two groups are functions using 
Ti02 or Ti02 1 Zr and Nb. No such comparative studi~s of 
island arc and continental tholeiites appears to have been 
published. The average compositions of island arc and 
continental tholeiite lavas are listed in Table 3.2. The 
chemical restriction described above was applied to data 
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Table 3.1 
Alkali Ba.salts Cooma Tholeiite 
Alkali· Basa],. ts and 
,,:--Olivine· Nepheline. Basalts Dy]tes 
Normative Nermative 
' 
SiG 2 48.5 46.0 47.l 51.l 
. TiO 
. 2 2.2 2.6 2.1 1.6 
' ~1203 16.3 l~.6 15.0 ':I 6 ·~ 2 "·---~--,. .. 
Fe 2o 3 3.1 3.5 3.3 3.1 
F~O 8.0 7,9 7.9 7,6 
' 
MnO a.2 0.2 0.2 0.2 
MgO 6.6 7.4 9.4 6.2 
cao 9.9 10.l 9.9 9.9 
Na2<;). 3.0 3.4 3.1 2.s 
K 0 2 1.0 1.7 l. 39 0.7 
P205 G.4 o.s 0.7 0.2 
{I o+ 
'. 2 0.9 1..1 0.7 
cu 126. 47 58 127 
Zn 89 111* 
Note.~ *The Zn data. fo.r conti:pente,l tholei.:j.tes is from 
one are·a only 
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" . 
Figure 3.1 Modified Macdonald-Katsura Diagram. 
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Table 3.2 
Comparison of Tholeiite Types 
Island arc Continental tholeiite 
basalts dykes 
mean std.dev. mean std. dev. mean std. dev. 
Si02 51.3 1.0 51.18 2.06 51.0 1.8 
'l'i02 0.9 0.1 2.50 0.44 1.0 0.5 
Al203 17.l 1.3 14.01 1.03 15.o 0.0 
Fe2o3 3.6 0.6 3.67 0.93 1.9* 
FeO 6.8 1.5 8.98 1.23 8.3* 
MnO 0.2 0.1 0.18 0.24 0.2* 
MgO 6.4 1.2 5.79 1.23 8.1 1.6 
cao 10.4. 0.0 8.55 0.68 10.3 0.6 
Na2o 2.5 0.5 2.91 0.38 2.1 o.s 
x2o 0.6 0.2 1.23 0.48 0.6 0.3 
P205 0.2 0.1 .41 0.11 0.2 
cu 107 18.9 103 79 97 20 
Zn 66 11 110* 10.3 86 10 
Pb 6 1.9 5 10 
Note: * indicates data available from one or two areas only. 
The average island arc tholeiite composition was computed from the 
average compositions of tholeiites from the following 7 island arcs: 
Aleutians (Byers 1961); Fiji (Gill 1970), Guam (Stark 1963), Japan 
(Kuno 1950, 1960), Marianas (Schmidt 1957), New Britain (Lowder & 
Carmichael 1970;. White 1971 unpublished), st Kitts West Indies 
(Baker 1968). The continental tholeiite average was calculated from 
'l:be avera9e compositions of tholeiites from the Deccan (Sukheswala & 
Poldervaart 1958), Rhine Graben ·(Ernst & Mlrtel 1969), Rio Grande 
(Lipman 1969), Baja California (Hawkins 1970), the Siberian platform 
(Neste~enko et al. 1964, Masaytis et al. 1966), New Mexico {Aoki 1967), 
Nevada (Le Masurier 1968), Wyoming (Hamilton 1963b, Boyd 1961), the 
Tuli, Featherstone, Wankie, Nuanetsi, Nyamandhlovu and Swaziland 
basalts of Southern Africa (Vail et al. 1969, Cox & Hornung 1966, 
Cox et al. 1967), and the Picture Gorge, Yakima and Late Yakima 
variants of the Columbia River Basalts (Waters., 1961, Swanson 1967, 
SCluQincke 1967). The average composition of the dykes was computed 
from averages of dyke analyses from N.E. U.S.A. (Weigand & Ragland 
·1970), Antarctica (Gunn 1966), Wyoming (Condie et al. 1969, Prinz 
1964), South Africa (Walker & Poldervaart 1949) and Tasmania 
(Jleier et al. 1968). 
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selection; it included all analyses of island arc tholeiite 
basalts and ~95% of continental tholeiite analyses. 
However, the nickel contents of tholeiites with Si02 
contents greater than 53.5% ~s ~20 ppm, and those tholeiites 
with nickel contents comparable to the Warburton basalts 
(98 ppm) were selected; these tholeiites contained less 
than 53.5% Sio 2 . This selection is based on the assumption 
that nickel was immobile during alteration (see below). 
Because the high silica tholeiites of the Columbia River and 
some other areas were excluded from this selection, this 
upper limit is somewhat artificial. 
Variation in the concentrations of the economically 
pertinent components copper, zinc and lead between the 
basalt groups is relatively large (Table 3.1). It is 
therefore necessary to determine the ori9inal basalt type of 
the altered basalts in the Mission and Cassidy Groups. Only 
those components which are known to be relatively inert 
during alteration can be used for the comparisons. These 
components are most likely to include Mg, Al, Ti, Mn, Fe and 
P. The siderophile trace elements geochemically coherent 
with these major components would be useful as well. 
This approach was used by Cann (1970), who showed 
that the oceanic spilites are altered oceanic tholeiites; 
during alteration K, Rb and Sr are mobile and Ti, Zr, Y and 
Nb are inert. He did not examine the variation of the other 
major and trace components. Hart (1969) also showed that K, 
Rb and Cs are mobile during low grade metamorphism and during 
sea water reaction with the basalt: the K/Rb ratio increases 
during metamorphism, with depletion in both K and Rb. 
Pearce & Cann (1971) went on to demonstrate the 
similarity of oceanic tholeiite and ophiolites by 
discriminant analysis using Ti, Zr and Y. The approa~h used 
in this study will use a combination of environmental, 
mineralogical and chemical comparisons. 
An indication of the original environment of 
formation of the Warburton basalts will be given by the 
rhyolite chemistry. If the rhyolite type can be identified, 
independent evidence of the basalt type can be gained. 
Basalts in island arc and continental environments are 
sometimes associated with rhyolites which are either 
potassium- or sodium-rich_ (see below). 
Inherent in these comparisons is the assumption 
that the modern basalt and rhyolite chemistry is the same as 
that of these roqks within presumed similar environments at 
least 10 9 years old. If the original rock type cannot be 
identified, it could either be the result of a change in the 
composition• of basalts with geologic time or alteration 
being_more pervasive than originally thought. (or could be a 
result of severe sampling error) • The marked similarity of 
present day island arc tholeiites and tholeiites older than 
2.0 x 10 9 years within the greenstone belts of the Canadian 
and Western Australian shields which was first pointed out 
by Hart et al. (1970) and subsequently by White et al. 
(1971) and Ja~is & White (1971) indicate.that major changes. 
of basalt~chemistry since the Archaean are unlikely, at 
least for basalts chemically similar to island arc 
th<:>leiites. White et.al.· (1971) and Jak~s & White (1971) 
used this-similarity to postulate the existence of island 
arcs and consequently sea floor spreading in the Archaean. 
However~ the validity of this inference must remain in 
question until it can be demonstrated that rocks of this 
composition could only have formed in an island arc type 
environment at this time. 
Because continental tholeiite dykes do not occur 
in the area, and because they have distinctly different 
chemistry from continental tholeiite basalts (Table 3.2) 
they cannot be used in, the c 0mparative study. 
3.2 ORIGINAL BASALT AND RHYOLITE TYPE 
3.2.1 Environmental and Mineralogical Indications 
The interbedded sediments, indicate that the~e 
basalts were extruded in an, area where continental shallow 
water and subaerial sediments were forming. The sediments 
overlying the Cassidy Group basalts are more characteristic 
of an epicontinental platform type sea, but those interbeqded 
with the basalts of both.groups are characteristic of 
shallow water. The fragmental amygdaloid flow tops and 
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absence of pillow lavas indicates that the lava flows were 
extruded subaerially. 
Individual basalt flows are extensive, and the 
basalts,are known to extend 120 km east, where they are 
covered by the Townsend Quartzite. These features are 
characteristic of the so-called "plp,teau" or "flood basalts" 
(Kuno 1969). These consist of large volumes of extensive, 
mainly subaerial flows with or without associated continental 
sediments and they overlie continental crust. These 
features of the altered Keeweenawan basalts led White (1960) 
to conclude that they were an example of altered "flood 
basalts". The occurrences of "flood basalts" and the 
associated environmental features are summarised in 
Table 3.3. 
The "flood basalts" tend to be associated with 
rhyolitic or rhyodacitic ash flow tuffs or ignimbrites 
(Table 3.3) with intermediate types (in terms of the Sio 2 
content) of eruptive rocks being minor or absent. The 
rhyolites may overlie, be interbedded with or be overlain by 
the basalts with contacts between the two rock types being 
distinct. The basalts of the Cassidy Group are interbedded 
with rhyolite ash flow tuffs. 
The "flood basalts" are dominantly tholeiites, 
with alkali basalts sometimes, being present (Table 3.3). 
Because these tholeiites occur in a continental environment 
they are referred to as continental tholeiites (Hamilton 
1963a). 
The continental tholeiites tend to be associated 
with areas of crustal thinning and dilation, with large 
faults, rifts and crustal depressions (Table 3.3). These 
depressions and rifts form the loci for deposition of sub-
aerial or shallow water sediments, which may include 
evaporites. 
The other occurrences of altered basalts within 
environments similar to that described above are listed in 
Table 5.1. It appears reasonable to infer therefore, on 
environmental evidence, that these altered basalts are 
altered continental tholeiites. 
Locality 
Rhine Graben 
Siberian lava 
Platform 
Northern Verk-
ooyansk 
Manchuria -
Korea 
E. side Dead 
Sea Rift 
w. Scotland 
Karoo basalts 
of s. Rhodesia, 
Basutoland and 
Swaziland 
Patagonia 
Parana of 
Brazil 
Baja California 
New Mexico 
Basin Range 
Rio Grande 
Wyoming 
Nevada 
Columbia,Jtiver 
Snake River 
Eastern.North 
America 
Deccan 
Table 3.3 
Flood basalt occurrences 
Structure 
rift 
rift 
rift 
rifts and 
depressions 
rift 
rifts, 
depressions 
(crustal 
dilation) 
rift 
rift, 
depression 
depression 
rifts 
Basalt types 
tholeiite + alkali 
olivine basalt 
tholeiite 
tholeiite 
tholeiite 
tholeiite 
tholeiite 
tholeiite·+ alkali 
olivine basalt 
tholeiite 
tholeiite 
Associated 
acid volcanics 
rhyolite, 
dacite 
rhyolite 
rhyolite 
tholeiite + alkali rhyolite, 
olivine basalt andesite 
tholeiite + alkali andesite 
olivine basalt 
" 
tholeiite 
tholeiite 
tholeiite 
tholeiite 
tholeiite 
II 
" 
rhyolite 
rhyolite 
rhyolite 
rhyolite, 
andesite 
rhyolite 
tholeiite + alkali rhyolite 
olivine basalt 
Reference 
Ernst & Mertel 
(1969) 
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Nesterenko et al. 
(1964) 
Kuznetsov et al. 
(1967) 
Kunc (1969) 
Kuno (1969) 
Kunc (1969) 
Cox & Hornung 
(1966), Cox et 
al. (1967) , 
Vail et al. (1969) 
Tyrrell (1932) 
Kunc (1969) 
Hawkins (1970) 
Aoki (1967) 
Leeman & Rogers 
(1970) 
Lipman (1969) 
Hamilton (1963b) 
Boyd (1961) 
Le Masurier 
(1968) 
Hamilton (1963a), 
Waters (1961), 
Swanson (1967), 
Schminke (1967) 
Leeman & Manton 
(197J.) 
Weigand & Ragland 
(1970) 
Sukheswala & 
Poldervaart (1958) 
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The relationship between subcalcic augite and 
olivine (Table 2.1) within the thicker and relatively 
unaltered lava flows and sills indicates that these rocks are 
tholeiites. These thick flows and sills containing unaltered 
pyroxene are relatively rare in the Cassidy Group and are 
more abundant within the Mission Group. 
3.2.2 Chemical Indications 
Continental tholeiites, island arc tholeiites, 
oceanic tholeiites and alkali basalts can be distinguished by 
differences in total rare earth element (REE) cpntent, and by 
the degree of "fractionation" of the light REE. However, 
this comparative study is limited by the small number of 
analyses of each basalt type, and the conclusions drawn are 
subject to sampling error. 
The REE distributions normalised to REE abundances 
in 9 chondrites (Frey et al. 1968) of modern alkali and 
tholeiitic basalts are shown in Figs. 3.2, 3.3 and 3.4. 
Fifty-four analyses of island arc tholeiites .from the western 
Pacific island arcs (Gill, 1970, JXkes & Gill, 1970) 27 
analyses of oceanic tholeiites from the Atlantic and Pacific 
oceans (Kay et al. 1970, Frey & Haskin 1964, Gast 1968) , 51 
analyses of continental tholeiite lavas (Schmitt et al. 1964, 
Frey et al. 1968, Balashov & Nesterenko 1966, Osawa & Goles 
1970), and 22 analyses of alkali basalts (Kay 1972) were 
used to co~pile the figures. One of the analyses of the 
continental tholeiites taken from Frey et al. (1968) is a 
composite of analyses of 282 Columbia River basalts. The 
continental tholeiite dyke distributions were compiled from 
16 a~alyses taken from Frey et al.(1968), Ragland et. al. 
(1971), and Balashov & Nesterenko (1966). 
The alkali basalts, continental tnoleiite lavas 
and dykes show enrichment in the light REE, and this 
distinguishes them from oceanic and island arc tholeiites 
which are characte~ised by flat distributions and relatively 
low total REE contents. The dykes tend to have lower total 
REE contents and show less enrichment in the light REE than 
the continental tholeiite basalts. The alkali basalts show 
the greatest degree of fractiQnation but they overlap the upper 
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region of the continental tholeiite field. Other aspects of 
these differen~es can also be seen on a La-Yb scatter 
diagram (Fig. 3.5). Additional alkali basalt La-Yb data 
were taken from Schilling & Winchester (1969). The La-Yb 
diagram illustrates .the marked fractionation of the alkali 
basalts, and the slight overlap of the continental tholeiite 
lava field by alkali basalts, but the differences between 
alkali and conti~~ntal tholeiite basalts can be seen more. 
clearly. The Hawaiian tholeiites and continental tholeiite 
dykes appear at the bottom of the continental tholeiite field 
and tend to overlie the oceanic and island arc tholeiite 
field. 
The REE of 6 samples of the Cassidy Group and of 6 
samples of the Mission Group basalts were determined on a. 
spark source mass spectrometer (Appendix 3} . These samples 
were chosen to include both oxidised and unoxidised basalts 
and sills, and all the types of alteration mineral assemblages 
found in the area. The REE contents of these samples are 
listed in Table 3.4. A further 30 samples from both groups 
as well as these 12, were analysed for La, Ce, Pr and Nd 
(Table A7, Appendix 4) using X-ray fluorescence techniques 
(Appendix 3). The REE distributions of ~hese samples 
normalised to the chondritic abundances are shown. in Fig. 3.6. 
The patterns are smooth, apart from a persistent peak at Py; 
this peak.is probably a result of experimental error. No 
consistent relation with alteration assemblages is evident, 
and. the distributions are split into two distinct group1s 1 a:nd 
this division is also reflected bf the La, Ce, Pr.and.Nd 
distributions of the.other 30 samples. The basalts and sills 
from the Mission Group~ and basalts from Cassidy Grou'/ 
including those basalts interbedded with the rhyolitei form a 
tightly clustered lower group. The upper group is composed 
of samples from the Cassidy Group only. 
These distributions are compared with continental 
tholeiite and alkali basalt distributions in Fig. 3.7; the 
samples which form the lower group in Fig.3.6 plot within the 
continental tholeiite fields. These are markedly similar to 
the REE patterns of the Klickitat River g~ction of the 
Columbia River basalts (Osawa & Gales 1970) • The upper group 
Sample C61 C94 Cl04 I Cl09 
La 11 16 42 37 
Ce 27 39 120 105 
Pr 3.6 4.4 14 13 
Nd 15 18 54 49 
Sm 4.7 5.1 13 11 
Eu 1. 8 1. 7 3.2 3.8 
Gd 6.0 5.3 11 13 
Tb 0.9 0.8 1. 6 1. 6 
Dy 6.6 5.8 12 12 
Ho 1. 3 1.1 2.0 2.1 
Er 3. 5 2.9 5.5 3. 9 
Yb 3.2 2.5 4.4 5.2 
u· 0.15 0.64 0.47 0.57 
Th 1. 5 1. 2 3. 2 2.7 
Hf 3.1 4.6 7. 5 8.6 
Cs 0.20 0.36 0.28 0.38 
. 
Table 3.4 
REE in Warburton Basal ts 
Ml93 M222 C294 M31 
14 16 71 24 
40 46 195 56 
5.5 6.4 22 7. 5 
20 26 82 28 
5.5 6.8 19 5.7 
1. 9 2.6 5.6 1.9 
6.6 7.6 16 6.4 
0.9 1. 0 2.6 D.8 
6.9 8.0 18 6.9 
1. 2 1. 5 3.07 1.1 
.3 • 4 4.1 7.8 3.3 
2.8 3. 3 6.8 2.7 
0.40 0.44 0.74 0.51 
1.9 2.4 4.0 2.6 
3~5 4.0 11. 6 3. 7 
0.9 0.33 0.55 0.25 
C303 2.410 
87 19 
22 52 
24 8.0 
78 25 
15 7.1 
3.9 2.0 
16 8.0 
2.1 1.1 
18 7.5 
2.8 1. 3 
7.5 3.7 
5.8 3.5 
L2 0.54 
6.4 3.1 
10.8 4.4 
0.18 0.77 
8.340 
15 
40 
5.5 
23 
6.5 
2.2 
7.8 
1. 2 
8.3 
1. 5 
3.9 
3.7 
0.60 
2.2 
4.1 
1. 40 
9.192 
17 
46 
6.2 
23 
5.6 
2.0 
6.0 
0.9 
6.7 
1.1 
3. 1 
2.6 
0.49 
2.6 
3. 0 
3.0 
U1 
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resembles both alkali basalts and continental tholeiites, but 
the upper limit of the heavy REE ratios of alkali basalts is 
lower than that of these samples: these samples represent 
basalts that are less "fractionated" than alkali basalts. 
The REE patterns of this upper group are most similar to 
samples from the Deccan, the Columbia River basalts, Lintz 
(Prussia) and to samples of thetmore. fractionated Sib~rian 
rraps (Frey et al. 1968, Balash~V & Nesterenko 1966). 
~<;>wever, they have consistently higher Nd, and Sm contents 
than do tpe continental .tholeiites and higher Er, Tb and Yb 
contents-than do alkali basalts. This could either be caused 
by sampling error restricting the upper limits of the 
continental tholeiite field and the upper limits of the Er, 
Tb and ~b ratios of alkali basalts or could be the· result of 
change of basalt· chemistry with time; i.e. these upper group 
samples have no.present day chemical equivalents. However, 
other chemical evidence presented below indicates this. 
altet"native ·is unlikely: these basalts most closely resembl_e 
modern c~ntinental tholeiites. 
The La-Yb ratios of the samples are distinct fro~ 
those of alkali basalts and are.most similar to continent~! 
tholeiite La-Yb ratios (Fig. 3.5). 
It is reasonable. to conclude, therefore, on the 
basi~ of the REE evidence, that the basalts of the Mission 
and Cassidy Groups are similar to modern continental 
tholeiites. The similarity of the.REE distributions.to those 
~f mo~ern continental th0 leiites, together with an absence of. 
a relation of the individual REE distributions. and total :REE 
contents with the alteration mineral assemblages indicates 
th't the REE were inert during alteration. The R•E 
variation wi th.i:t:i the basalt· groups can tl:lus be used to def inE! 
original variation in basalt· chemistry. 
Cann. (1969) has shown that-Ti, Zr, Nb and Y are 
inert during alteration of.oceanic tholeiites to alteration 
mineral assemblages similar to those found within the Cassidy 
Group. These elements are.also efficient discriminators 
between oceanic and island arc tholeiites lPearce & Cann 
1971). They are therefore most useful fo£ comparison of 
de~ivatives of these tholeiite types. 
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The Ti and Zr contents of continental tholeiites 
can be used to distinguish them from island arc tholeiites 
(Fig. 3.8). However 7 the Ti and Zr data available for 15 
samples of oceanic tholeiites indicates that continental 
tholeiites with low Ti and Zr contents cannot be distinguished 
from the oceanic tholeiites on a Ti~zr scatter diagram. The 
range of the Tio 2 contents of the oceanic tholeiites is 
indicated (Fig. 3.8). However, the mean Tio 2 content of 140 
samples of oceanic tholeiites (1.57% with a standard 
deviation of 0.12%) is significantly less than that of 
continent a 1 tho 1 e i i t e s ( Tab 1 e s 3 . 2 ) ( 1 eve 1 o f con f id enc e 9 5 % ) . 
Furthermore, the mean K2o content of the 140 samples of the 
oceanic tholeiite (0.20% with a standard deviation of 0.06%) 
is significantly less than that of continental tholeiites 
(Table 3.2) (level of confidence 95%), but this element is 
not very useful for comparing altered derivatives of these 
rocks because of its mobility during alteration. The 
oceanic tholeiite data was taken from Muir & Tilley (1964, 
1966), Melson & van Andel (1966), Cann (1969), Kay et al. 
(1970), ~icholls (1965) and Miyashiro et al. (1969), and the 
island arc and continental.tholeiite data was taken from the. 
references listed in Table 3.2. Additional data for contin-
ental tholeiites was taken from Gunn & Watkins (1970) and 
from McDougall (unpublished) . To be able to distinguish 
completely these different~tholeiite types using raw data, 
the REE data must be used in conjunction with the Ti and Zr 
data of these rocks. 
Ninety-five percent of the Mission and Cassidy 
Groups samples plot within the continental tholeiite field 
on the Ti-Zr scatter diagram (Fig. 3.8). The scatter of 
points is very similar to that of unaltered continental 
tholeiites; there is no significant difference between the 
means and standard deviations.of the Tio 2 and Zr contents of 
these rocks (Table 3. 8) . It follows from this that the mean 
Tio 2 content of the altered basalts from the Mission and 
Cassidy Groups is significantly larger than that of the 140 
samples of oceanic tholeiite (level of confidence 95%). 
The Ti-Zr data together with the REE data indicates 
that the basalts are probably altered continental tholeiites; 
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i.e •. modern continental tholeiite lavas are chemically 
similar to continental tholeiites 109 years old. Ti and.Zr 
were inert during the basalt alteration, a conclusion 
consistent with that of Cann (1969) and Pearce & Cann (1971) 
and consistent with the conclusions drawn from the study of. 
the alteration system and thermal springs. 
If the REE, Ti and Zr were inert during 
alteration, those elements gebchemically coherent with these 
elements would be inert as wEill. This is illustrated by the 
correlation matrix and other data in Tables 3.5 and 3.6. 
~he RE!• Ti, zr, Hf, Nb, Yj Th and P all show highly 
significant correlation coeffici~nts (the level of 
significance is .999). This hi9h degree of correlation 
indicat~s that all these elem•nts were inert, and is similar 
. . , 
to inter element correlations shown by these ele£ents in 
unaltered basalts. The closely coherent behaviour of some 
9f these elements is illustr~ted by the high significant 
loadings (or coefficients) of these variables in the first 
principal component (Table 4.1). The concentrations of these 
elements in the altered basalts, therefore, would be 
expected to show the greatest degree of similarity to those 
of unaltered continental tholeiites: Ti, Th, Zr and Y 
(Table.3.8) show the greatest degree of similarity; there 
is no significant difference between these (95% confidence 
level) I but Nb and P205 are significantly higher in the 
altered basalts. However, niobium data is only available 
from 4 groups of tholeiites from southern Rhodesia in 
contrast to the other trace element data which is avail~ble 
for 14 groups from 8 areas. This discrepancy, therefore. is 
probably a result of sampling error. These similaritiea and 
differences are.discussed in greater detail. in Section 3.4. 
The P and Ti dispersion in the altered basalts has 
a marked similarity to that in modern continental 
tboleiites (Fig. 3.9): this is predictable from the high 
correlation between Ti.and P and the similarity of the means 
and standard deviations of these two elements in th,e alte.red 
basalts and modern continental tholeiites. The P and Ti 
data.from the diamond drill hole samples is not shown 
because they cluster in very close groups within the 
continental tholeiite field. 
Table 3.5 
Correlation Matrix 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb y Th Zr Nb Hf u Ba Ti p 
1 996 933 969 913 848 932 907 96S 927 937 879 939 913 966 8S3 938 301 416 7S7 910 ~ 
99S 984 . 943 883 9S4 934 981 ·9so 948 907 9SS 894 982 88S 9S8 787 432 803 936 Ce 
994 997 90S 971 946 983 9SS 939 926 9Sl 893 978 908 964 767 467 820 946 Pr 
979 929 974 961 983 961 944 938 9SS 861 974 912 969 723 SOl 849 963 Nd 
968 970 984 973 972 93S 961 949 7SS 963 923 969 618 S27 898 980 Sm 
949 968 935 961 883 964 909 660 922 933 941 S44 ·sis. 878 967 Eu 
973 986 983 916 982 933 815 97S 9S9 978 686 496 .881 942 Gd 
976 987 946 984 943 757 9S8 906 961 639 S96 880 977 Tb 
989 962 963 969 848 992 918 970 71S 478 878 9S7 Dy 
9S4 984 961 781 979 922 970 661 S73 886 960 Ho 
90S 984 839 9SO 789 900 680 S43 8SO 94S Er 
915 733 942 932 9S9 602 S8S 868 938 Yb 
921 631 Y* 
914 782 977 9S6 713 4S2 84S 944 Hf 
737 601 829 243 S04 639 u 
Notes: Decimal points omitted. Matrix determined from the mass spectrometer results only. 
* For these see Table 3.6. A logarithmic transformation of the Y:Er and Y:Yb data 
produced correlation coefficients of .969 and .886. °' -...J 
Ti 
Table 3.6 
Correlation Matrix: Inert Compohents 
p Ba Th Zr Nb Pb La Ce 
.864 .340 .302 .830 .820 .455 .762 .742 
.457 .341 .920 .924 .536 .937 .884 
.162 .444 .458 .360 .463 .426 
.416 . 4 07 .278 .504 .482 
.955 .558 .954 .875 
.557. .945 .890 
.596 .517 
.929 
Note: Data for 41 samples; r >.304 (95% confidence) 
The lower prBcision of the X.R.F. results has 
lowered the correlat~on coefficients; for 
example the spark source mass spectrometer 
results give correlation coefficients of 
.918, .900 for Th:La and ~h:Ce; the X.R.F. 
results for the same samples give correlation 
coefficients of .634 and .609. 
Pr Nd 
.789 .829 
.937 .963 
.491 .446 
.480 .441 
.939 .946 
.935 .933 
.567 .531 
.975 .972 
.907 .896 
.972 
Depth 
.128 
.037 
.440 
.217 
.559 
.514 
.383 
.497 
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3.2.3 Implications of the Rhyolite Chemistry 
The comparative study of the rhyolites was based 
on 95 analyses of continental and continental margin 
rhyolites from the western U.S.A., the Andes, Central America 
and eastern Australia and on 81 analyses of island arc 
rhyolites from the western and north western Pacific area, 
the J;.,ndonesian arc and the West Indies. 
restsicted to a sio 2 range of 65%-75%. 
listed in. Table 3.7. 
The sample was 
Sources of data are 
Ninety-five percent of the continental and 
continental margin rhyolites which have been intruded throug4 
pre-existing continental crust have Na 2 o/K 2o ratios <l and 
92% of the island arc rhyoiites have Na 2o;K2o ratios >l. 
Island arc rhyolites with Na 2o/K 2o ratios <l were from New 
Zealand, New Guinea and New Britain. The mean Na 2o;~ 2 o 
ratios of the continental rhyolites within the 14 individual 
regions was always <l and the mean Na 2 o/K 2 o ratio for island 
arc rhyolites within the 16 individual regions was always >l. 
The Cassidy Group rhyolites are most similar to 
continental rhyolites, because their Na 2 o;K 2o ratios are <l. 
(Table 3.7). There is no significant difference (confidence 
level 95%) between the mean Sio 2 , MnO, MgO, Cao and P 2o 5 
contents of the continental rhyolite and the Cassidy Group 
rhyolite. 
contents of the Cassidy Group rhyolites are significantly 
larger, and the mean Al 203 and Na 2o contents significantly 
smaller. There is no significant difference between.the Ti0 2 , 
FeO and MnO contents of island arc rhyolites and the Cassidy 
Group rhyolites. 
Because reliable continental rhyolite trace element 
data was available from two areas (eastern Australia and 
Chile), a comparison of the trace elements would be subject 
to sampling error. The Cassidy Group rhyolites have very 
high Zr, Nb and Y contents relative to other continental 
rhyolites. 
The rhyolites have not been altered extensively, 
and for this reason, the comparison u~~ng Na 2o and K2 o is 
believed to be valid. 
Table 3.7 
Continental and island arc rhyolite types 
Island arc Continental Cassidy Group 
mean std. dev. mean std. dev. mean std. dev. 
Si02 68.37 1.83 72.40 3.04 7L36 1.72 
Ti02 0.50 0,25 0.28 0.17 0.43 0.15 
Al203 14.91 1.29 13.37 0.98 12.31 o.44 
Fe2o3 1.80 0.55 1.44 0.60 2. 77 0.64 
FeO 2.00 LOO 0.68 o.76 1.40 0.50 
MnO 0.11 0.05 0.09 0.08 0.09 0.03 
MgO 1.19 0.46 0.39 0.23 0.34 0.16 
CaO 3.53 0.99 1.19 0.82 1.12 0.46 
Na20 4.22 0.49 4.03 0.72 3.45 0.43 
K20 1.96 0.90 4.60 0.49 5.22 0.52 
P205 0.14 0.07 0.06 0.05 0.07 0.04 
Total 
loss 1.3 1.5 o.so 
Ba 532 224 567* 907 310 
Rb 50 33 230* 199 21 
Sr 379 25 118** 60 20 
Th 6.6 49 27* 41 4 
Zr 140 47 312** 762 97 
Nb 19* 76 7 
y 34* 146 5 
v 53 27 36* 11 13 
Cr 6 5 3* 
Ni 16 20 2* L2 
Cu 20 20 4* 2 2.7 
Zn 56 24 134 45 
Pb 15 10 43** 28 6 
u 6.0* 5.0 l.2 
Ga 4 
-
Notes: * from one area (eastern Australia) 
** from two areas (eastern Australia and N. Chile) 
Table 3.7 references 
The island arc rhyolite data was taken from Baker (1968b), 
Blake (1968), Brothers & Martin (1970), Byers (1961), Coats (1952, 
1953, 1961), Coats et al. (1961), Ewart (1966), Ewart & Stipp (1968}, 
Ewart et al. (1968), Gill (1970), Kirsanov (1967), Lowder & 
Carmic~(l970), Marinelli & Tazieff (1968), Nelson (1959), 
Ostapenko et al. (1967), Ruxton (1966), Schmidt {1957), Snyder (1959), 
Taylor et al. (1969) and Warden (1970). The continental rhyolite 
data waS'"'taken from Bailey (1969), Boyd (1961), el-Hinnawi et al. 
(1969), Enlows (1955) 1 Guest (1969) , Gunn & Mooser (1971) , -·-
Hamilton (1963b), Jenks & Goldrich (1956), Lipman (1965), Lipman & 
Christiansen (1964), Lipman et al. (1966), Masursky (1960), 
McBirney & Weill (1966), Sukheswala & Poldervaart-(1958) and 
Weyl (1961). 
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The Cassidy Group rhyolites can therefore be 
considered to be continental rhyolites: this indicates that 
the basalts were intruded· through pre-existing continental 
crust. 
3.2.4 Original Basalt Type 
The environmental, mineralogical features and the 
REE, Ti, Zr, Nb, Y dont~nts of the altered basalts, together 
with the rhyolite chemistry indicates that these altered 
basalts are chemically the same· as.modern continental 
tho~eiite lavas with le~s than 53.5% Sio2 , and. that they 
were.extruded. through pre-existing c~ntinental crust; 
they are altered continental tholeiites. 
3.3 MQBILITIES OF THE BASALT COMPONENTS 
i.e. 
A comparison of the concentrations, of the 
~omponents in the altered basalts with those of unaltered 
continental tholeiites is limited by sampling errors and 
reliability of data available on unaltered continental 
tholeiites •. For this reason,. comparisons of the relative Zn, 
Nb> Ga, Pb and U contents are subject to error because data 
is available on_ continental tholeiites from one. or two a~eas 
only. 
The average composition.of 99 samples selected 
from the Mission and Cassidy Groups is sbown in Table 3.8 
along with the average composition of modern continental 
· tl:loleiites with less than 53.5%·Sio2 frem the 15 regions 
indicated in Table 3.2. · The ave;-a,gecomposition of the 
tholeiites from each reg~on was used to compile the "grand" 
average. Additional trace element.data was taken from Gunn 
& Watkins (1970) and from McDougall (unpublished). The data 
on the sulfur contents was taken from Ricke (1960) and Moore 
& Fabbi (1971) and data.on chlorine contents was taken from 
Johns & Huang (1967). 
The mean Sio 2 , FeO, Sr, Cr, Cu ands contents.of 
the unaltered continental tholeiites are significantly 
higher and.their Fe 2o 3 , P 2o 5 i Na 2o contents significantly 
smaller than those of the altered basalts. Significantly 
larger. dispersions occur fer fio 2 , Cao,. K2o, ·Ba, Rb and Sr 
73 
Table 3.8 
Cassidy and Mission Modern Continental Tholeiites 
Group Basalts < 53.5% Si02 
mean std. dev. mean std. dev. 
Si02 47.49 3.09 50.83 1.82 
Ti02 2.63 0.52 2.51 0.45 
Al203 15.02 1.37 14.23 1.34 
Fe2o3 10.01 3.54 4.09 1.20 
FeO 4.74 2.55 8.50 1.54 
Total iron 13.17 l.56 12.18 
as FeO 
MnO 0.19 0.05 0.18 0.03 
MgO 5.42 2.11 6.00 1.10 
cao 8.59 4.02 8.81 0.79 
Na20 3.87 1.59 2.82 0.51 
K20 1.14 0.86 1.21 0.44 
P205 0.53 0.30 0.42 0.10 
Ba 510 486 541 209 
Rb 29 30 35 14 
Sr 261 174 509 219 
Th 3 2 2.26 3.01 
Zr 230 141 226 126 
Nb 14 11 33 34 
y 34 13 37 17 
v 244 55 262 82 
Cr 89 75 178 106 
Ni 98 44 97 48 
Cu* 39 51 103 79 
Zn 147 72 110 10 
Ph 14 34 5 
Ga 18 5 19 2 
Cl 100 68 149 
s 70 76 228 135 
. 
u .56 .07 • 53 
Notes: * one sample (6.554) containing visible sulfide mineralisation 
was excluded. 
No data on chlorine distribution in unaltered basalts was 
presented. 
The mean sulfur value of unaltered basalts includes that of 
alkali olivine basalts; the average sulfur content of 9 Deccan 
basalts and l Columbia River basalt sample (BCR-1) is 380 ppm. 
The Uranium data was taken from Rogers & Adams (1970). 
in the altered basalts. These differences also exist between 
the mean.compositions. of samples taken from the Mission and 
Cassidy Groups (53 gamples) and.of samples taken from diamond 
drill holes (DDH}. (46- samples) within the Mission Group. 
Additional· significant differenpes appear for Zr and Ca 
(Table 3.9) between the Diamond Drill Hole samples and ~he 
Mission and Cassidy Group samples. Differences between these 
groups are considered below. 
The altered basalts have higher Nb, Pb and.Zn 
contents and lower Cl and S contents. (The differences in 
the S and Cl contents do not appear to be a result of exper~ 
imental error; the sulfur contents of the international 
standard BCR-1 and a fresh tholeiite from Western Australia 
(Bun~ury basalt) were determined to be 450 and 830 ppm 
respectively and the chlorine contents of BCR, W-1, G-2 were 
determined to be 84, 246 and. 55 ppm, in good agreement with 
the accepted international values (Appendix 3)). These 
altered basalts appear, therefore, to be markedly sulfur 
deficient relative to modern unaltered basalts. There are.no 
,significant differences in the Tio2 , Al 2o3 , total FeO, MnO, 
MgO, Ca01 K2 o, Ba, Th, Zr, V, Ni, Y and Ga means of the 
respective groups (Table 3.9). The similarity of the Ni and 
hence MgO contents is, however 7 partly a result of the 
chemical restrictions applied to data selection. 
This comparison together with the evidenpe 
presented in Section 3.2 indicates that ai, Na, Sr, CQ, S and, 
Cl were highly ~obile during basalt alteration; they have 
been removed from or added to the basalts; Na shows the 
greatest increase~ In addition, ca, K~ Ba, Rb, Zn and Pb ha~ 
limited mobility, and underwent redis~ibution during 
alteration. Ti, Al, total iron, Mn, Mg, Th, Zr, Nb, ·Hf, Y, 
Ga, the REE 1 V, Ni ana probably U were inert i.e. were 
immobile during alteiation. These conclusions, are in acc0 rd 
with those. derived from a. study of the·alte~ation mineral 
assemblages and hot spring systems, with th• exceptions of K 
and Cr. The mean K2o (and Rb) contents of the altered 
basalts, although similar to unaltered continental 
tholeiites_, show a greater dispersion; this indicates that 
K+ had limited mobility. The apparent depletion and hence 
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Table 3.9 
Diamond Drill Holes Cassidy and Mission Groups 
mean std. dee. mean std. dev. 
·. 
Si02 47.09 2.22 47.83 3.65 
Ti0 2 2.59 0.41 2.67 0.60 
Al 2o 3 15.57 1. 09 14.55 1. 42 
Fe 2o 3 10.67 3.45 9.45 3.56 
FeO 4.35 2.00 5.07 2.92 
MnO 0.20 0.05 0.18 0.05 
MgO 6.21 2.22 4.75 1. 78 
cao 6.62 2. 2 7 10.26 4.43 
Na 2 0 4.58 1. 25 3.27 1. 61 
K20 1.12 0.86 1.16 :=;~a .• 8 z 
P205 0.43 0.13 0.60 0.37 
Ba 466 540 558 422 
Rb 27 33 30 26 
Sr 209 104 305 208 
Th 3 1 4 2 
Zr 161 26 288 171 
Nb 9 1 18 13 
v 251 61 239 51 
Cr 73 19 102 98 
Ni 113 32 85 49 
cµ 15 32 58 56 
Zn 151 53 143 86 
Pb 8 4 20 45 
t 31 5 39 14 
s 48 69 82 74 
Cl 149 56 70 57 
Ga 15 9 
Note: The sulfur contents of the unaltered sills were 
not used to compute the sulfu~ mean. 
76 
inferred mobility of chromium is probably anomalous~ the 
dispersion of the chromium contents is less than or equa1 to 
that of modern continental tholeiites and the chromium 
contents show no significant correlation with the various 
alteration mineral assemblages. The chromium content is 
sim~lar to that of the Columbia River and Basutoland basalts. 
The higher Fe203/FeO ratio is, a result of oxidation during 
alteration. 
It is evident that copper and sulfur were mobile, 
whilst zinc and lead were not. The comparison between these 
basalts and unaltered continental tholeiites suggests that 
the Cassidy and Mission Group basalts have lost ~40 ppm Cu 
and ~100 ppm S and the host rocks of the copper concentrations 
have lost ~so ppm cu and ~100 ppm s. 
The absence of copper concentrations within 
sediments overlying the Cassidy Group and absence of "above 
background" copper concentrations within the soil overlying 
these sediments suggests that this mobilised copper has moved 
out of the alteration system. The high oxidation state of 
the alteration system precludes significant precipitation of 
copper sulfides through pH change. Because graphitic shales 
were not observed, the retention of this mobilised copper 
through sulfide precipitation is unlikely. 
Altered basalts of this type~ therefore, are the 
source rocks of copper and sulfur, .and the consequ~nces of 
this are described in Chapter 5. 
The variation in the composition of the altered 
basalts is described in Section 3.4. Variation in the 
original basalt chemistry can be determined using Al 2o3 , MnO, 
MgO, Ni and V in addition to Ti, P 2o5 , Th, Zr, Nb, Y and the 
REE as s~g~ested in Section 3.2. 
3.4 VARIATION IN BASALT COMPOSITION 
information on compositional differences between 
the host rocks of the copper concentrations and the altered 
basalts elsewhere in the area will give an indication of the 
genesis of the copper concentrations: it will also te$t the 
consistency of the alteration model. Variation in the inert 
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components within the basalts will give an indicatiQn of 
b~salt compositional variation before alteration: the. 
influence of this on the genesis pf the copper ooncentratiops 
aan then be assessed. The relative variation of the basalt 
component~ will also give an indication of their mobilities 
during alteration: components with limited mobility Ce~g. Ba) 
woulq be expected to show a. greater variation within and 
between lava flows whilst inert components (9.g. 'J;'io 2 , Al,a{) 3 
etc.) would be expected to show a mµch smaller variation. 
C'ompositional variation will also reflect the type and zoning 
of' aJ, terC1,ti·on mineral assemblages present.· 
T~e variation in b•salt' composition before 
alt•ration was determined using the inert components~ 
Alteration imposed variations were detE:lrmined usin.g all 
components and then using the mobile components only. 
Emphasis if? placed on examination of th~ variation .of cu; 1 zrt, 
Pbi Cl and s. 
Because data are available for 26 components 
(variables) for each of 100 samples, and is available for 40 
variabJ,es in 41 samples, the best approach is one whi~h 
involves multivariate statistic~!: methods. Clus'l:er analysis 
was used to examine variation in basa.lt chemistry an·d the 
method used is based on. a polythet;:ic agglomerative model 
using both raw and standardised data. The relation of the 
variables to.each other was examinedjusing R-mode Factor 
Analysis. ~he behaviour of the components is described in 
Chapt~r 4. .'rhe statistical methods used are described, in 
.Appendix 2. 
3.4.l Variation Before Alteration 
This was determined using the inert components 
Ti02, Al2031 MnO, MgO, P205, Th, Zr, Nb, v, Cr, Ni and total 
iron (as FeO) . 
The sample compositions of the major groups detined 
by the clustering method (Fig. 3.10) are shown in Tab~e 3.10. 
This number of groups was chosen in order to gain a 
reasonable indication of the variability of the b~salts. 
However, the method w~s sufficiently sensitive to cluster 
samples from the same lava flows, but examination of the 
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Figure 3.10 : Dendrogram, Inert Components. 
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Table 3.10 
Group Constitution using Inert Components 
0 
8.356~ 8.328, Ml85, 5.515, 5.499, 5.331, 6.554, 
8.222, 8.311, 5.572, M4, 8.340, 8.209, 8.382, 
M217, 3.352, 7.569, 5.452, 5.385, 8.263 1 6.27~, 
5.389, 8.196, 5.545 
4.440, 2.194, C291 
8.487, 8.544, 8.498, 8.496, 8.670 
M2, M4, M266, M222, 8.550, Ml3, C260, 4.464 1 
4.523 
6.385 
Cll6, Cl08, Cl09, Clll, Cll7, C305 
S29, S24, Sl44 
C91 
9.367, M205A, 2.410, 2.297 1 M210, Cl01, 8.558, 
M26 1 Ml78, M4, M9 
8,583, M205B, M229, Cl25 
9.297 1 9.168, 9.510, 9.193, Ml86, C65, C64, 
C61, 11.135, C94 
8.199, Ml8, Ml3, 6.394, M47 
C297, C264, 8.212, 6.401, M220, M31~ Ml93, 
Ml83 
C30l, C294, Cll8 
Cl28, C303, Cl23 1 Cl30, C298, Cl04 
Symbol in all following Figures: 
A 
0 
or• 
M = Mission Group 
c = Cassidy Group. 
s = Sill in sediments overlying Cassidy 
Group 
Diamond Drill Hole sample written thQs: 
DDH No. Depth (e.g. 8.356) 
The sill in t4e Mission Group was inter-
sected in DDH 9, 11. 
The group numbers refer to the groups 
defined on.the dendrograms. 
so 
compositional variation between a large number of groups would 
have tended to complicate the examination of group differences. 
The major differences between the groups are shown in Fig. 
3 .11. 
Samples from similar stratigraphic h6rizons tend to 
form 2 or 3-member clusters within the larger groups. Samples 
from similar positions within lava flows (flow top, flow core 
etc.) tend to form 2-member clusters but there is no tendency 
for the major groups to c9nsist of samples from any 
particular lava flow position. Thi~ indicates that within~ 
f~ow variation of the inert components is small relative to 
between-flow variation. The close clustering of the diamond 
drill hole (DDH) samples, most of Which come from two thick 
lava flows (Figs. 3.12, 3.13) also indicates that within f1ow 
variation of the inert components is small relative to 
b'etween-f low variation. The uppe,r lava flow intersected in 
DDH 8 is very similar to that intersected in DDH5 (Figs. 3.10 
and 3. 11} . The within-flow variation of the inert components 
show no systematic trend although lava flow tops have higher 
Tio2 , Al20 3 , Zr and V contents. MgO appears to show a slight 
increase about the copper concentration intersected in DPH 8 
(Fig. 3.12). 
The low Zr, Nb and Th contents of the basalts 
interbedded with the rbyolites containing high Zr, Nb and Th 
indicates that cantamination with Zr, Nb and Th from the 
rhyolites did not occur during alteration. The well defined 
group of Cassidy Group basalts characterised by high Tio 2 , 
P2 o 5 , Zr, Nb (and REE) contents overlie the rhyolites, and 
they are interbedded with basalts containing low concentra-
tions of Th, Zr and Nb: again, contamination by the 
rhyolites is therefore unlikely. The variation of Y with 
depth in the altered basalt sequence is shown in Fig. 4.1. 
3.4.2 Alteration Imposed Variation 
The groups defined using Tio 2 , Al 2o 3 , MnO, MgQ~ 
P 2o 5 , Th, Nb, V, Crt Ni and total iron in unaltered 
tholeiites would be similar to those defined using Sio2 , Cao, 
Na 2o, K2o, Ba, Rb and Sr in the same unaltered tholeiites. 
For this reason, alteration imposed variations can be 
Figure 3.11 
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determined by comparison of the groupings obtained using ail 
the components (Fig. 3.14) with those obtained using the 
inert components (Fig. 3 .10) . 
Although greater within-group variability is 
evident, particularly in those groups composed of samples 
from the same lava flow, the original variation has not been 
masked in some cases (Fig. 3.15). However, the DDH samples 
have been cl~stered into more distinct groups, and the 
Cassidy Group basalts overlying the rhyolites appear as a 
more distinct group. The composition of individual groups 
are shown in Table 3.11. 
The host rocks of the copper concentratiens 
(drilled areas) have higher Na 2b, Fe 203, Tio 2 , MgO, Ni a~d 
tt 2o contents and lower sio 2 , FeO, K2o, CaO, Ba, Rb and Cu 
contents. However, there are no marked differences in the 
contents of the inert components in the host rocks and in the 
altered basalts elsewhere: 
result of alteration. 
the major differences are the 
An examination of the differences between all the 
samples was simplified by performing a Q-mode principal 
component analysis on 1 the raw d~ta. The first seven 
principal components were selected and the sampla co-ordinates 
on the first three (Table 3.12) were used to construct Figs. 
3.16, 3.17 and 3.18. The basalt components which correlate 
with the first th~ee eigenvectors are those which contxibute 
most of the total variance. Eigenvector 1 expresses most of 
the total variance (i.e. has associated with it the largest 
eigenvalue) and it correlates with the inert components and 
FeO: the l~ert components contribute a major part of the 
total variance. The components which correlate with the 
first seven eigenvectors are shown in Table 3.13. Samples 
with high positive co-ordinates on eigenvector 1 have high 
Zr, Nb, Tio 2 , P 2o 5 , FeO, Th, K2o and Rb contents and ~ow co 2 
and Fe 2o 3 contents. Samples with high positive co-ordinates 
on eigenvector 2 have high Zr and Nb contents and low MgO, 
H2o, Ni, Al 2o 3 and MnO contents. Similar conclusions apply 
to the rei:pa;ining eigenvectors. The inverse occurs for 
samples with high negative co-ordinates. Thus the samples 
which plot in the upper right quadrant in Fig. 3il6 have 
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Table 3.11 
Group Constitution using all Components 
Group 
172 8.340, 8.328, 8.382, 5.499, 5.515, 5.542, M217, 
8.196, 4.523, 3.352, M4, 5.385, 5.389, 8.222, 
5.572, 8.311, 8.263~ 8.570, 4.464, 8.550, Ml3 
182 6.385, M229, M26, M220, M31, 8.583, C94, Cl25, 
M9, Ml86 
170 C294, M4, M222, Clll 
21 C91 
54 6.554 
179 Ml85, M26~, M4, M2, 4.523, Ml78, M210, 5.545, 
7.569, 6.273, 8.209, M205A, 2.297, 2.410 
175 4.440, 8.487, 8.544, 8.356, 8.496, 8.498 
146 5144, 524, 529 
178 C65, C61. C64, 11.135, 9.193, 9.310, 9.367, 
9.297, 9.168 
8 Ml3 
177 
180 
183 
174 
173 
}1193, 
Cll6, 
C291, 
Cl28, 
C260, 
C298, 
M205B, 
8.558, 
Cl30, 
C3 03 / 
ClOl, 
Cl04 
Ml83 
M47, MlB, 6.393, 8.199, 6.401 
2.194 
C294 1 Cll8, C301, Cl23 
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Table 3.12 
Vector Co-ordinates 
Samp. l 2 3 Sam,P• l 2 3 
C64 -0.040 -0.154 0.068 M220 -0.166 0.161 0.173 
Ml93 -0.197 0.124 -0.102 M217 -0.062 -0.140 0.008 ' 
M210 0.033 -0.109 0.070 M205B -0.191 0.047 -0.005 
M4A -0.090 -0.013 0.067 6.554 0.020 -0.319 -0.047 
M31 -0.250 0.036 0.033 8.550 -0.042 0.104 -0.008 
M47 -0.528 0.333 0.049 11.135 -0.033 -0.387 .,.0.010 
M26 -0,060 0.010 0.032 9.193 0.019 -0.262 0.136 
Ml3A -0.477 0.235 -o. 712 5.572 -0.147 -0.045 0.034 
Ml3B -0.050 0.077 -0.005 9.310 -0.053 -0.137 0.096 
M2 0.159. -0.072 0.015 8.340 -0.037 ... o.131 0.009 
M4B 0.152 -0.084 0.037 9.168 -0.052 -0.210 0.087 
M9 -0.094 0.105 0.006 9.297 -0.088 -0.197 0.135 
Ml86 -0.196 0.016 -0.010 8.583 -0.090 -0.048 0.029 
M205A 0.028 -0.057 0.113 8.356 -0.007 -0.253 -0.053 
Ml8 -0.459 0.228 -0.176 8.199 -0.287 0.172 -0.020 
Cl08 0.206 0.019 -0.118 6.385 -0.108 0.164 0.170 
Sl44 0.225 -0.105 -0.037 5.499 -0.061 -0.148 -0.015 
... M4C -0.031 0.056 0.022 4.523 0.191 -0.133 -0.073 
C61 -0.098 -0.131 0.094 4.440 0.135 .... 0.192 -0.049 
C65 -0.034 -0.144 0.146 2.194 0.083 -0.007 0.356 
C91 -0.051 -0.124 -0.082 2.410 -0.003 -0.119 0.118 
C94 -0.144 -0.056 -0.051 2.297 0.041 -0.156 0.021 
Cl04 0.118 0.282 -0.056 3.352 -0.165 -0.095 -o.oss 
Cl09 0.026 0.195 0.018 4.464 0.017 0.048 -0.031 
Clll 0.035 0.067 o.ooo 5.331 -0.136 -0.108 -0.112 
Cll8 0.527 0.277 -0.085 5.389 -0.148 -0~030 -0.091 
M229 -0.023 0.236 0.338 5.452 -0.082 -0.040 0.053 
C260 0.205 0.073 -0.089 5.515 -0.009 -0.104 -0.005 
M266 0.159 -0.068 -0.014 5.545 -0.123 -0.045 0.076 
C294 0.454 0.390 -0.112 6.273 -0.051 -0.062 0.065 
C298 0.197 0.226 -0.141 6.394 -0.323 0.240 0.172 
529 0.302 -0.066 -0.010 8.222 -0.103 -0.027 0.039 
524 0.162 -0.145 -0.103 8.263 -0.139 -0.057 -0.059 
C303 0.357 0.344 -0.022 8.311 -0.143 -0.046 -0.023 
ClOl 0.039 0.118 0.031 8.558 -0.143 0.099 -0.083 
Cll6 0.022 0.140 -0.154 8.570 0.013 -0.113 -0.1'~6 
Cll7 0.231 0.029 -0.036 9.367 -0.012 -0.122 0.100 
C123 0.477 0.233 -0.043 8.382 -0.004 -0.129 0.024 
Cl25 -0.063 0.152 0.151 8.487 0.113 -0.405 -0.216 
Cl28 0.350 0.224 -0.137 8.496 0.103 -0.287 -0.103 
Cl30 0.403 0.128 0.050 8.498 0.031 -0.264 -0.075 
C264 -0.067 0.301 0.060 8.544 0.019 -0.255 -0.167. 
C291 0.267 -0.019 0.088 8.328 -0.017 -0.139 -0.000 
C297 0.076 0.354 0.095 8.209 0.038 -0.106 0.107 
C301 0.485 0.188 -0.200 8.212 -0.050 0.268 o.416 
C305 0.192 0.052 -0.043 6.401 -0.315 0.245 0.049 
Ml78 0.090 0.043 0.180 7.569 -0.015 -0.055 0.145 
Ml83 -0.243 0.163 -0.371 8.196 -0.099 -0.108 -0.086 
Ml85 0.081 -0.209 -0.053 5.385 -0.146 -0.035 0.035 
M222 -0.033 0.159 0.069 
A 3.615 2.911 .1,.813 j. bl.::> ;'.. ~l.l. l.. !:j,L.j 
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Vector 
Vector 
Table 3.13 
c6rrelation of basalt components with 
eigenvectors 
1 2 3 
Zr o.77 MgO -0.83 Zn -0.69 Fe 2o 3 
Nb 0.75 H20 -0.68 Pb 0.59 K2o 
P205 0.75 H o+ 2 -0.63 Sio 2 0.57 Rb 
Ti0 2 0.71 Ni -0.60 Sio 2 
FeO 0.65 Al 2o3 -0. 59 
Th 0.65 MnO -0.58 
co 2 -0.52 Nb 0.51 
K20 0.50 Zr 0.50 
5 6 7 
Na 2o -0. 61 Cr -0.87 v 0.52 
Ni -0.66 
4 
0.55 
0.54 
0.51 
-0.50 
Note: The correlation coefficients are approximate 
only. Components with correlation coefficients 
below 0.5 were omitted. 
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higher Zr, Nb, P 2 o 5 , Tio 2 , Pao, K2 o and Rb contents and 
lower MgO, Ni, H2o, co 2 , Fe 2o 3 and Al 2o 3 contents; samples 
in the upper left quadiant have higher Zr, Nb, P 2o 5 , Tio 2 , 
FeO, K2o, Rb, MgO, H2o, Ni and Al 2 o 3 contents and lower co 2 
and Pe 2o 3 contents. The inverse occurs for samples in the 
lower quadrants. Similarly, samples which plot in the left 
quadrants in Fig. 3.17 have higher Zn and Pb contents and 
lower Si0 2 and K2 0 contents and those within the lower 
quadrants have higher MgO, H2o and Ni contents. 
Samples from the same lava flow cluster into tight 
groups, but no distinct separation of the various ba~alt 
types occurs (Fig• 3.16). The similarity of the sills with 
some Cassidy Group basalts and the si~ilarity of some DDH 
samples with other Mission Group samples is evident. The 
b.igher Fe 2 o 3 , MgO, Ni and a 2o contents of the o"DH samples 
are again evident. The coherent variation of Zr, Nb, T~, Th, 
MgO and Ni is evident from Table 3.13; 
further in Chapter 4. 
3.4.3 Variation due to Alteration 
this is descr;i .. hed 
The components sio 2 , ca.o, K2 o, H2o, co 2 , Ba, Rb, 
Sr, Cu, Zn and Pb as well as FeO and F•20 3 were used. 
Major differences (Figs. 3.19 and 3.20) are the 
splitting of the Cassidy Group into several clusters and the 
splitting of the groups of DDH samples (Table 3.14) into 
several groups. Samples from the same lava flow cluster 
into a large number of groups, and samples from similar 
positions within lava flows tend to form groups of higher 
hierarc4ical order (e.g. group 179). These features indicate 
a much larger within-flow variation (Fig. 3.21), i.e. the 
components selected above were mobile during alteration. The 
extreme variation of Ba and Sr is notable. The similar 
clustering as before of the samples from the sills is 
consistent with their slight alteration (Fig. 3.21). 
The samples from DDH 2, 3, 4, 5, 6, 7 and 8 (i.e. 
adjacent to the copper concentrations) have lower Sio 2 , Ca01 
Feo, Sr, K2 o and cu contents and higher Fe 2 o 3 , Na 2o, H2 o and 
Zn co;ntents. 
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Table 3.14 
Group Constitution Using Mobile Components 
Group 
177 5.385, M4, 8.550, 6.385, 8.196, 5,331, 8.222, 
5.572, 4,464, 8.311, 8.263, M31, 3.352, 5.389, 
Ml86 
183 8.570, 8.583, C298, C94, C305, Cl28, C303, 
5.452, ClOl, Cl09, Cl04, M9, Ml3, C91, M26, 
6393, M220, C297, Cl25, M229 
174 C264, M4, M222, Clll 
8 Ml3 
48 Ml83 
143 M205B, M217 
179 6.401, M47, Ml8, 8,558, Cll6, 8.199 
182 7.564, 6~273, 5.545, 4.523, Ml78, M210, 
2.297'6", 2.410, 8.209, 8.328, 8.382, M217, 
8.340, 5.515, 5.499 
180 4.440, 11.135, 8.487, 8.544, 8.356, 8.498, 
B.496 
170 9.297, 9.168, 9.367, 9.310, 0.193, M205A, M4, 
M2 
95 
178 C61, C64, C65, MlS5, M266, 529, 524, 5144, Cll7~ 
C301, C260, Cl08 
54 6.554 
70 2.194 
95 8.212 
167 Cl20, Cl23, C294, C291, Cll8 
Figure 3.20 
Gfl:oup Dif f erenc:es : Mobile Components 
Group 
+ ++ ++ - + 177J..,... Si Fe203 Na H; 20 B~}sr Ca Nt Zn H20 ~ ~ ---i_st Ca FeO Pb Sr -
183 + + + + . ..-ti + + + 
nb zii co Si Na 174- J. 2 + 14~1-. Pb Zn. Sr.~ Bil .. CO Na ct Pb ll~O 48 + + + . +2 + 
179' ; . . f . + + FeO K Rb Ba H20 
+ + + + + 
1821-. H 0 FeO·. Fe~. 03 Bi.s I- Fe·+· 0 FeO Na C¥ H2. 0 1 + 
180 2 -l 2 3 + Cu Zn Na B20 Ca~ 
170t--. H 0 Fio Ni Rt a: . + + + + " K "" Bl> B+O Fe203 
178 2+ + + + 2 + 54--. + . 
95._ at Fe +03 F,0 H2~ N. a}. Rb Bi K Fio zfi . 167 2 + + 
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3.4.4 Variation of Copper, Zinc and Lead adjacent to the 
Copper Concentrations 
The marked variation of the copper contents in the 
highly altered basalts coupled with the very low copper 
content of the more highly oxidised basalts indicates that 
it was highly mobile during alteration. The higher copper 
contents of the relatively unaltered rocks (e.g. the sills) 
supports this conclusion. No such comparable depletion in 
lead or zinc occurs in any of the altered rocks. 
The basalts which show the greatest copper 
depletion are those adjacent to the copper concentrations 
which were intersected in DDH 2, 3, 4, 5, 6 and 7. The 
average copper content of these basalts is 7 ppm (excluding 
the sample 6.554 which is a small coarse-grained pegmatite 
lens from a thick lava flow) and the average copper content 
of all other basalts, apart from the sills is 54 ppm. The 
basalts with the lowest copper con~ents have higher Na 2o, 
Fe 2o 3 and H2o contents and lower Sio 2 , Cao, FeO, Sr, K2o and 
Rb contents than other altered basalts. 
It was possible to sample only one thick lava flow 
containing minor chalcopyrite and bornite, and because 
interflow variation of the mobile components is large (Fig~ 
3.21} no reliable data on the variation of the mobile 
components about the faults containing copper mineralisation 
could be obtained. The most distinctive feature common ta 
all is the marked depletion of copper in basalt within at 
least 80 metres of the copper concentration. Zinc ana lead 
show no systematic variation, and the zinc contents are 
correlated with MgO contents (Fig. 3.22). The effect of 
alteration on variation of the copper within the rhyolite~ 
pebble conglomerates adjacent to the chalcocite-djurleite 
lenses (e.g. in DDH 5) could not be reliably determined 
because the copper contents of these rocks would have been 
low before alteration. The Zn and Pb (and Rb, Sr, Th and U) 
contents of these conglomerates (Table 3.15) is comparable to 
those of rhyolites, apart from Rb, which appears to have been 
depleted in the conglomerates. 
All the copper concentrations in the area occur 
within rocks containing higher Fe 2o 3 , Na 2o and H2o contents, 
II') 
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Table 3.15 
Composition of sediments in diamond drill holes 
Rb Sr Th Ni Cu Zn Pb u 
1. 309 40 93 12 - - 62 15 - c 
1. 537 43 6 11 
-
10 54 6 2 c 
1. 578 77 7 16 
-
10 59 11 2 c 
2.504 45 215 7 
- -
50 14 - c 
2.577 70 87 8 - - 50 14 - c 
3.346 75 17 17 - - 51 6 2 c 
3.336 49 20 10 - 1343* 36 10 3 c 
6.457 2. 81 3 - 2 1 5 - Q 
6.476 3 143 3 3 45 29 8 - Q 
7.121 44 83 12 - - 86 11 - c 
7.l52 82 91 16 - 175* 138 12 3 c 
7.247 9 575 13 27 - 45 27 3 c 
7.250 20 249 14 - - 102 16 3 c 
7.4\)8 62 27 7 - 2 44 7 - c 
9.451 29 356 10 - - 92 16 - Q+Ca 
9.551 
-
73 - - - - 10 - Ca 
9.562 6l 237 11 - - 133 14 - c 
10.526 40 272 11 - - 70 14 2 c 
10.353 36 82 13 - 151** 220 l~l 2 C** 
11.561 70 162 15 - - 77 18 - c 
10.554 34 102 7 - - 97 10 - c 
. 
Note: - indicates below lower limit of detection 
* adja~ent to copper mineralisation and within 
mineralised fault 
C rhyolite pebble conglomerate 
Q quartzite 
Ca calcite vein in conglomerate 
** chloritised contact with sill 
' 
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lower FeO and Cao contents and very low Cu contents. The 
higher Fe 2o 3 , Na 2o and H2o contents and very low Cu contents 
of the basalts containing the copper concentrations is 
consistent with the observed alteration mineral assemblages 
in these rocks and is consistent with the alteration model. 
The sharp peak in the Fe 2o 3 trend and the uniform FeO trend 
adjacent to the mineralised fault in DDH 8 (Fig. 3.23) 
indicates that hematite was deposited within the lava 
adjacent to the mineralised fault. The high copper content 
of the relatively unaltered sills is evident from Fig. 3.13. 
The occurrence of the copper concentrations within 
host rocks locally depleted in copper suggests that the 
copper removed from the basalts formed the copper concentra-
tions. The method of formation is described in the 
alteration model. If it is assumed that these rocks have 
lost 80 ppm copper, and ~he depleted halo has dimensions 
500 x 500 x 300m, the amount of copper mobilised is ~15,000 
short tons. This is approximately twenty times the amount of 
copper known to be contained in the chalcocite-djurleite 
mineralisation in the No. 3 copper concentration (DDH 5). The 
dimensions were taken to be consistent with the observed 
lengths of the mineralised faults and extent of copver 
depletion noted in the DDH. The total amount of copper 
mobilised as a result of this localised leaching appears to 
be small relative to that mobilised by the basalt alteration 
elsewhere (see below). 
3.5 DISCUSSION 
The methods used in Section. 3.4 were dependent on 
the assumptions on the mobilities of the various components 
p~esented in section 3.3; but the results produced were 
consistent with the initial assumptions, e.g. the greater 
variability of the Ba, Sr, Fe 2o 3 et cetera within individual 
lava flows and within the Mission and Cassidy Groups is 
consistent with the higher mobilities of these components as 
inferred from the comparison of fresh tholeiites and the 
altered tholeiites in Section 3.3. 
The variation of the basalt chemistry determined by 
the clustering and ordination methods (e.g. principal 
M2 
component analysis) is generally consistent with the 
observed alteration mineral assemblages. Samples from flow 
cores and flow core margins of lava flows in the Mission 
Group., and particularly those from the drilled areas, have 
higher Fe 2o 3 , Na 2o, H2 o contents (i.e. higher hematite and 
oxidised chlorite, albite and chlorite contents) and lower 
Cao and FeO contents. The albite-chlorite-hematite-calcite 
alteration assemblage occurs in this area within lava flow 
cores. Samples from the Cassidy Group are characterised by 
contents: these differences are consistent with the 
occurrence of alteration assemblages with higher epidote 
contents, and are consistent with the absence of hematite in 
the Cassidy Group. Samples from lava flow cores tend to 
contain higher H2o and Na 2 o contents and samples from lava 
flow tops tend to contain higher Cao contents: albite- and 
chlorite-bearing assemblages occur within lava flow cores 
and epidote~ and/or calcite-bearing assemblages occur within 
flow tops~ Rocks which contain high cao contents tend to 
have lower Na 2o, H2o and Fe 2 o contents, and those with high 
Fe20 3 contents have lower FeO contents. This indicates 
epidote~ or calcite-bearing alteration assemblages tend to be 
distinct from albite- and chlorite-bearing assemblages and 
is a reflection of alteration assemblage zonation within the 
lava flows and within the Mission and Cassidy Groups. The 
~ntipathetic variation of Fe 2 o 3 and FeO indicates oxidation 
during alteration. 
The basalts have gained Na 2o, co 2 and H2o during 
alteration. No apparent changes ·in cao, K2o, Ba and Rb have 
occurred. The changes indicate that the initial composition 
of the aqueous phase was similar to that inferred in the 
alteration model, i.e. the Na+ and co 2 activities were high, 
and the concentrations of ca++, Mg++ and K+ were low. 
Because the basalts have been strongly depleted in sulfur, 
the oxidation state of the aqueous phase must have been 
relatively high throughout (Fig. 2.1) to convert insoluble 
sulfides to soluble sulfates or the pH very low to cause 
solution of the sulfides. The very low mobility of Al+++, 
the absence of large scale phyllosilicate alteration and 
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absence of kaolin indicates that the first alternative is 
valid. The observed depletion of sulfur is consistent with 
the alteration model. 
The implications of the chlorine depletion in the 
basalts is unknown; if the chloride ion concentrations in 
the aqueous phase was high, then enrichment of the basalts 
in chlorine may be expected. It is evident from the work of 
Ellis & Mahon (1964) that depletion will occur if the 
chloride concentration in the aqueous phase is low. However, 
no experimental or analytical data are available on the 
behaviour of chlorine in basalts on contact.with chloride 
rich solutions. 
It is clear that the altered lavas are a source of 
large amounts of coppe! and sulfur, and the copper (and 
sulfur) of the copper concentrations within the mission 
Group was derived from the enclosing basalts by local severe 
leaching. If 10% of the Mission Group and 45% of the 
Cassidy Group basalts have been altered (as indicated by 
outcrop abundance) and these have lost 40 ppm copper, the 
total amount of mobilised copper is ~1 million tons if it is 
assumed an area of basalts 4200 m thick (this is the thick-
ness of basalts in the Warburton area) x 1000 m x 8000 m was 
altered. However, the altered basalts are known over a much 
larger area than this, and a maximum estimate of mobilised 
copper would be ~10 9 tons. If 10% of all the basalts are 
altered over this larger area the mobilised copper would be 
~10 8 tons; outcrop considerations in the Warburton Area 
suggest that this is a more reasonable assumption. If an 
efficient sulfide precipitating mechanism exists (e.g. a 
euxinic basin (Chapter 5)), a very large copper conc~ntration 
would be formed. If this mobilised copper exits from th• 
alteration system at a number of points (e.g. at various 
points along a major fault) into the region of precipitation 
a number of large copper concentrations may be formed. 
There is enough basalt-derived sulfur transported with the 
copper to form high sulfur-iron-copper sulfide assemblages 
and a large amount of pyrite as well. If no efficient 
sulfide precipitating mechanism exists, the formation of 
copper-rich sediments over a large area may result. 
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CHAPTER 4. GEOCHEMISTRY OF THE BASALT COMPONENTS 
4.1 INTRODUCTION 
Information on the distribution of the components 
within the unaltered primary minerals and within the 
alteration minerals is necess~ry to determine the reasons 
for the differing mobilities of the components during 
alteration. The effects of.primary mineral replacement 
during alteration on the mobilities of Cu, Zn, Pb, Cl and S 
will be considered in detail. Conclusions deri~ed f~om this 
examination are then applied to the genesis of the copper. 
concentrations present in the area and to other copper 
concentrations. 
Data on t~e distribution of the trace components, 
pa~ticularly cu, Zn, Pb, Cl and s in minerals similar to 
those.within the alteratio~ mineral assemblages are not· 
available. Because ~f the fine-grained natrire and occurrence, 
of many of the alteration minerals as complex intergrowths, 
it ~as not feasible to separate the individual minerals for 
analysis. For these reasons, data on the dist~ibution ~f 
the various components were obtained using R~m~~~~factor 
analysis of the raw chemical data in conjunction w~th 
considerations of the geochemical properties of the 
components. 
R-mode factor analysis was undertaken using all. 
components (variables) apart from S, Ga, REE, u, Hf a~d' Cs. 
The concentrations of the latter components were not 
determined.in all samples, and sulfur could not be 
determined until the factor analysis was complete. 
factor analysis simplifies the examination of correlat~on~ 
between all variables. Variab],es which are highly correlated 
have correspondingly high.coefficients.or loadings on the 
factor vectors, and groups of correlated variables will 
appear in the same factor vector. The significance-Of the 
coefficients is taken to be the same as that of a 
correlatiori coefficient with the same value. If .a trace 
component e.g. lrid or strontium, occurs in a number of 
mine~als (such a• plagioclase, potassium~feldspar, epidote 
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or calcite) or if it occurs in one mineral which consists of 
major components common to other minerals, statistically 
significant correlation between geochemically coherent 
components may be masked; 
with smaller eigenvalues. 
this masking is larger on factors 
The coefficients (loadings) on 
the factors must therefore. be interpreted with this in mind. 
The factor analysis was carried out on the 
original data since variation of the components H2o+, H2o 
and co 2 does not significantly change the correlation 
coefficients between the inert components: correlation 
coefficients calculated on a water- and co 2-free basis are 
similar to those derived from the raw data. The effect of 
experimental error on the correlation coefficient is 
negligible; the calculated experimental error is less than 
3% of the total variance of components present in uniformly 
low concentrations~ It is much less.than 3% for components 
present in larger concentrations and with larger variance 
(Appendix 3). 
To simplify the statistical treatment of the data, 
the diamond drill hole samples were treated as one group and 
those collected from outcrop treated as another group. This 
was done to make any differences in the distribution of cu, 
Zn, Pb, S and Cl within the wallrocks of the copper 
concentrations and within the altered basalts elsewhere more 
readily observable. The copper and sulfur contents of the 
wallrocks of the copper concentrations are significantly 
smaller (95% confidence) than those on the altered basalts 
elsewhere (Table 3.9). The clustering methods did not 
indicate this difference in all cases due to the greater 
variability of the other components relative to copper. 
4.2 GEOCHEMISTRY OF COMPONENTS 
4.2.1 Cassidy and Mission Groups 
The significant (95% confidence) loadings 
(coefficients) of the components on the first 10 factors of 
the factor matrix are shown in Table 4.1. The first 4 
factors account for 50% of the total variance, and the major 
contribution of the inert components to the total variance 
is again evident. 
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Table 4.1 
Factor Matrix: All Samples 
Factor 1 2 3 4 5 6 7 8 9 10 
Sio 2 .373 -.221 • 58 0 .261 - . 3 98 
Ti0 2 .764 -.277 ,461 
Al 2 o3 -. 2 91 -,844 
Fe 2 o3 .235 -.873 
FeO -.458 .775 
MnO -.855 -,241 
MgO -.726 .300 - . 24 0 .385 
cao .316 -.262 -. 821 
H20 -.205 -.402 .245 .733 
K2 0 .966 
P205 .945 
H o+ 2 -.597 .263 -.323 .419 .236 
H o-2 -.283 -,260 
co 2 .220 -.205 .756 ,291 .... 2 61 
Ba .764 -.221 
Rb .917 
Sr -.924 
Th .456 .721 
Zr . 93 3 
Nb .922 
v .216 .908 
Cr .912 
Ni -.255 .821 
Cu 
Zn -.441 -.834 
Pb -.225 -.910 
Eigen-
value 16.13 11.09 10.92 10.73 7.64 7.34 7.31 7.16 6.31 5.76 
( % ) 
Note: Data for 99 samples 
Loadings below .205 omitted 
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The loadings on the first factor, together with 
geochemical considerations, suggest that zircon, sphene (and 
other alteration products such as anatase) and apatite 
occur together. The loadings on factor 10 indicate that 
Tio 2 also occurs in a separate mineral which does not contain 
Zr, Nb and Th or is not associated with Zr-, Nb- and Th-
bearing phases. The loading on V indicates that this other 
mineral which contains Tio 2 to be an iron-titanium oxide such 
as magnetite and/or ilmenite. It is evident from the 
correlation matrix in Table 3.6 that the apatite, sphene and 
zircon contain most of the REE, Th, Hf and u in the basalts. 
The second factor loadings indicate that FeO, Mno, 
MgO, Ni, Zn and possibly Ti0 2 are constituents of the 
cn~orite because of the high loading of H2o+ in this factor. 
The loadings indicate that calcium is not a chlorite 
constituent. The absence of a factor containing significant 
loadings on H2o+, Na 2o and Cao suggests that montmorillonite 
is not an abundant alteration phase since any relation 
between these components that might result from their 
occurrence in montmorillonite is masked by their occurrence 
in relatively more abundant phases such as calcite, albite, 
chlorite and epidote. The negative loadings on the chlorite 
components and positive loadings on Cao, Fe 2o 3 and co 2 
indicate that chlorite-rich rocks have lower contents of 
calcite and Fe 3+-bearing minerals such as epidote, hematite 
or prehnite. This is consistent with the results of the 
Q-mode principal component analysis and observations on the 
alteration assemblages. The strong coherence of K2o, Rb and 
Ba in the altered basalts is evident from the loadings in 
factor 3; the absence of a significant loading on H2o+ (and 
H2o-) indicates that these three components are most likely 
to occur in potassium-feldspar (microcline) , and that hydrous 
potassium-bearing phases such as montmorillonite are minor. 
The antipathetic variation of FeO and Fe 2o 3 is 
evident from factor 4. The positive loadings on FeO, MgO 
and H20 and negative loadings on Na 2o, Fe 2o 3 and co 2 suggest 
th~t pyroxene-rich rocks tend to be less altered or show 
minor alteration to chlorite. The absence of a loading on 
Cao is probably the result of the masking of any systematic 
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variation of Cao with MgO and FeO variation in the pyrqxene 
by the abundance of other calcium-bearing phases such as 
plagioclase. The Cao content of pyroxenes within continental 
tholeiites (or any tholeiites) is low relative to the MgO and 
FeO contents. The high loading on Th indicates that the 
relatively unaltered rocks. (e.g.the sills) contain higher 
amounts of that element. Examination of the data (Table A4) 
reveals that the sill overlying the Cassidy Group basalts 
(samples 824, 829, 8144) has two to three times higher 
thorium contents than the other basalts; however, the REE, 
Zr, Nb and Y contents are the same as, or lower than, those 
in the other basalts. This is unusual and is somewhat 
anomalous; the mode of occurrence of thorium is unknown. 
The problem of masking of concordant variation of 
major components with minor components is increased in 
factors.which contribute less to the total variance, and the 
meaning of the significant loadings is more difficult to 
interpret. 
The loadings on factors 5 and 6 result from 
variation in the alteration assemblages, e.g. calcite-rich 
samples have low contents of chlorite and other silicates. 
The loadings on factor 6 indicate that albite-rich samples 
contain either less plagioclase or epidote and tend to have 
higher 8i0 2 contents and that lead is more abundant in the 
calcium-rich samples. The loadings on factor 7 are the 
result of inclusion of one sample with very high chromium 
and nickel contents (sample C91) in the sampled population. 
That this sample is unique is evident from the results of the 
ciustering methods. The high concentrations of Mg, Ni and Cr 
suggest the occurrence of a separate magnesium-chromium 
spinel in this sample. The chromium contents of the other 
samples is low (mean 89 ppm) and the occurrence of a separate 
chromium-bearing phase is unlikely. The loadings, although 
"weighted'' by the sample C91, suggest that the chromium and 
nickel occur within pyroxene or within olivine (or their 
alteration products). The chromium content of continental 
tholeiite pyroxenes and olivines is low relative to those 
from alkali basalts. 
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Since it would be expected that lead and zinc should 
be dispersed through a number of minerals such as chlorite, 
pyroxene and the iron-titanium oxides (zinc) and plagioclase, 
epidote, calcite and potassium-feldspar (lead) , they would not 
be expected to show any marked correlation with any 
particular major component (factor 8). They do not occur as 
sulfides (see below). The meaning of the high loading on Sr 
in factor 9 is not clear; the loadings suggest that chlorite-
rich samples tend to have lower strontium contents. The 
above relationships between the various components, 
including Ga, Y, REE and Cl can be seen from the correlation 
coefficient matrices (Tables 3.6 and 4.2). The close 
coherence of the REE, Tio 2 , P 2 o 5 , Th, Zr, Hf, Nb and Y is 
evident; the REE would form significant loadings on the 
factor 1 in the above factor matrix if they were included in 
the factor analysis. The positive correlation of these with 
depth (Fig. 4.1) is a result of occurrence of basalti with 
higher contents of these components in the Cassidy Group. 
The moderate positive correlations of Ba and Pb with the REE 
(Table 4.2) suggest that these had limited mobility during 
alteration. The regression equations of all the following 
scatter diagrams are shown in Table 4.3; for clarity, the 
regression lines are omitted from the scatter diagrams. 
The close coherence of K2 o and Rb is evident from 
Fig. 4.2; there is no significant difference in the K/Rb 
ratio of the altered basalts (326; std. dev. 417) anb that of 
unaltered continental tholeiites (287 std. dev. 155). The 
similarity is to be expected because of their coherence during 
alteration and because of the similarity of the concentrations 
in fresh continental tholeiites and in the altered 
continental tholeiites. This contrasts with the behaviour of 
K2o and Rb during sea-water alteration of oceanic tholeiites 
(Hart 1969). 
The FeO/total FeO ratio of the basalts shows an 
increase with depth and the Na 2o content of the basalts shows 
a decrease with depth in the sequence (Figs. 4.3, 4.4). The 
Cao and Na 2o contents vary antipathetically (Fig. 4.5) as 
predicted from the factor analysis. The occurrence of 
calcite and epidote in the samples is well illustrated in 
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Table 4.3 
Regression Equations of Scatter Plots 
Fig.No. I x y D.D.H. I Mission I Cassidy All SamplEs 
4.1 Depth:Y .005 24.40 .473 
4,2 Rb:K20 .023 .436 .910 .031 .195 .953 
4.3 Depth:FeO/ .ooo .201 .410 
l:FeO 
4.4 Depth:Na2o .007 10.315 -.304 
4,5 CaO:Na20 .149 .172 -.496 -.307 5.447 -.444 
4.6 CaO:co2 .531 1.778 .603 .236 .750 .264 .195 .171 .315 
4.7 FeO:H20 .264 2.185 .477 .124 2.188 .365 .239 1.330 .717 
4.8 Zn:H20 .010 1.851 .495 .007 1. 763 .437 .010 1.384 .423 
Ni:H20 .006 2.586 .193 .016 1.396 .436 .005 3.230 -.301 
4.9 Depth:Cl 
-.034 107.21"1 .804 
4.10 Cl:Na2o ,005 3.851 .416 .008 3.635 .241 .002 2.677 .022 
4.11 Cl:FeO/ 
l:FeO 
4.12 Cl:C02 .048 -3.360 .657 
4.13 Cu:FeO .102 .222 .884: see text 
S:Cu .282 13.546 .863: " " 
S:FeO .670 • 951 .951: .. " 
4.14 Cu:FeO .043 5.071 .419: sills 
V:Cu .282 16.434 • 641: .. 
4.15 S:FeO .005 6.634 • 819: .. 
S:Cu .040 61.891 .637: " 
4.16 Cu:S .745 41.831 .259 -.165 94.18 -.151 .917 23.455 .496 .627 4.975 .340 
4.17 V~Cu -.106 33.94 -.249 .328 20.659 .252 .292 -9.374 .345 
4.18 Cl:Cu 1.347 131.145 .636 
4.19 Pb:Ca .070 9.344 .447 .001 8.714 -.003 
4.20 Cl:Pb .041 -2.110 .547 
4.21 S:Pp .016 5.900 .319 
4.22 Nb:Pb .131 9.096 .436 
4.23 Zn:V .143 9.123 .132 .381 45.571 .474 
Notes: m(slope) firstt b(intercept on Y) second; r(correlation coefficient) third. 
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Fig. 4 . 6; the higher epidote content of most Cassidy Group 
samples is also evident. These variations are consistent 
with the observed alteration assemblages; epidote-bearing 
assemblages with no hematite occur.within the Cassidy Group, 
and (hematite-bearing) albite and chlorite-bearing assemblages 
are more abundant within the Mission Group. Samples 
containing calcite and/or epidote or plagioclase have lower 
albite and chlorite contents. The iron and zinc contents of 
the chlorite are evident from Figs. 4.7 and 4.8. The geo-
chemistry of copper, zinc, lead and sulfur in the basalts is 
described in Section 4.3. 
The marked decrease of chlorine with depth is 
illustrated in Fig. 4.9; rocks with higher Fe 2o 3 , Na 2o and 
lower FeO contents contain more chlorine (Figs. 4.10 and 
4.11). The chlorine content in some samples containing 
calcite (Fig. 4.12) is high; this suggests that some of the 
chlorine may occur in fluid inclusions in calcite. 
Uranium shows a moderate to high positive 
corr e 1 at ion with REE , Ti , etc • ( Tab 1 e 3 • 5) ; this indicates 
that uranium occurs within the REE-bearing phases such as 
sphene and zircon. This correlation together with the 
similarity of the uranium content of the altered basalts with 
that of unaltered continental tholeiites suggests that 
uianium was not mobile during basalt alteration. 
The inert components together with H2o, and co 2 
contribute most of the total variance; the contribution to 
the total variance of the economically pertinent components 
is minor, as is predicted from the results of the clust~ring 
. 
methods. The factor analysis, together with geochemical 
cdnsiderations, gives an indication of the general composition 
and abundance of various phases present in the basalts. For 
e~ample~ oxidised chlorites and montmorillonite were shown to 
occur in minor amounts only. The chlorite contains 
appredable iron, manganese and zinc and it is evident that 
titanium must occur in more than one mineral. 
4.2.2 Cassidy and Mission Groups excluding Diamond Drill 
Hole Samples 
The significant loadings on the first 10 factors in 
the factor matrix are shown in Table 4.4. The factor 
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Table 4.4 
Factor Matrix: Cassidy and Mission Groups 
Factor 1 2 3 4 5 6 7 8 9 10 
Si0 2 .357 -.669 -.295 .313 
Ti0 2 .861 .232 
Al 2 o 3 -.872 
Fe20 3 .899 
Fe.O -.903 
MnO -.547 .261 .437 .430 
MgO -.671 .607 -.239 
cao .245 -.369 .818 
Na 2o .338 .382 -.720 
K20 .927 
P205 .962 
H o+ 2 -.651 -.492 .345 
H2o- -.257 .902 
co 2 .743 -.349 .291 
Ba .357 .800 
Rb .946 
Sr .913 
Th .405 -.306 
Zr .950 
Nb .895 -.271 
v .426 .289 • 302 -.561 
Cr -.916 
Ni -.943 
Cu -.898 
Zn -.943 
Pb -.904 
y 
.940 
Cl .317 .258-.442 .234 .577 
Eigen-
value 19.93 13.13 11.38 5.10 8.51 7.81 7.73 6.95 5.88 5.62 
(%) 
Note: Data for 53 samples 
Loadings below .231 omitted 
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coefficients (loadings) are similar to those of the previous 
factor matrix. The contribution of the inert components to 
the total variance is greater. 
Factor 1 is similar to factors 1 and 10 of the 
previous factor matrix combined: the titanium-bearing phases 
and apatite display concordant variation in these samples. 
The loadings on factor 2 are similar to those on factor 2 on 
the prev~ous factor matrix; however, an additional loading 
on Th indicates that chlorite-rich samples have slightly 
higher thorium contents. The loading on chlorine indicates 
that samples with higher Fe 2o 3 , Na 2o and Cao contents have 
higher Cl contents: this variation has been described 
above. Factors 3, 4, 5, 6 and 9 correspond to factors 3, 7, 
8, 5 and 9 in the previous matrix. The greater contribution 
of factor 4 to the total variance is a result of the greater 
weighting of the Cr, Ni and MgO correlation by sample C91. 
The loadings on factor 10 suggest that Cu and V occur in the 
same mineral, i.e. the iron-titanium oxides. This is 
discussed below. The loadings of Cl on factors 4, 5 and 8 
indicate that samples which contain higher chlorine contents 
have higher Pb, Zn and Sr contents. 
Gallium was determined in 43 of these samples. It 
shows a predictable correlation with Al 2o 3 (0.540); it 
therefore was inert or had limited mobility only during 
alteration. The correlation matrix is shown in Table 4.5. 
4.2.3 Diamond Drill Holes 
Sample 6.554 was excluded from the factor analysis 
as it alone contained visible copper sulfides. It was 
collected from a small coarse-grained pegmatite path in a 
thick lava flow. The distinct nature of this sample is 
evident from the clustering methods. Chlorine was not 
included in the factor analysis as it was determined on 32 
of the 46 diamond drill hole samples. The correlation matrix is 
jn Table 4.7. Fa:etor 1 (Table 4. 6) is again similar to that of 
the previous factor matrices; however, both copper and lead 
~how an inverse variation with that of the titanium-bearing 
phases and apatite. This is the result of the influence of 
the ~lightly altered sill. The copper content of the sill 
SiO, 
~ TiO, 
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Table 4.6 
Factor Matrix: Diaµlond Drill Holes 
Factor 1 2 3 4 5 6 7 8 9 10 
Si0 2 .377 -.830 
Ti0 2 .909 -.308 
Al 2o 3 -.319 .812 
Fe 2o 3 -.858 
FeO .841 -.308 
MnO .297 -.837 
MgO .583 -.692 
cao -. 2 95 .507 .464 .409 
Na 2o -.683 -.532 
K2o .911 
P205 .687 .489 .386 
H o+ 2 -.670 -.387 
lj o-2 .698 -.259 .411 
co 2 -.288 .387 .761 -.337 
Ba .404 .827 
Rb .934 
Sr .502 .459 .487 
Th .396 .867 
Zr .913 
Nb .872 
v .703 -.319 .337 -.306 
Cr .404 -.795 
Ni .584 -.386 -.314 .349 
Cu -.535 .289 .290 .589 
Zn -.903 
Pb -.383 .842 
EigE;n-
value 8.49 16.57 15.73 10.95. 7 .31 6.71 6.44 6.40 5.75 5.64 
( % ) 
Npte.: Values below .288 omitted 
Data for 45 samples 
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is higher, and the Ti, Zr, Nb, V and Cr contents of the sill 
lower than the basalts. The negative loadings on lead and 
calcium suggest that both occur in the same minerals. 
The loadings on factor 2 indicate that rocks with 
higher clinopyroxene contents (the sill intersected in 
DDH 9, 11) are relatively unaltered (negative loadings on 
Na20, Fe 2o3 and co 2 ) and have higher copper and nickel 
contents. The high content of H2o-in the sill is evident 
from Table A7 (Appendix 4) . 
Factor 3 is analogous to factor 2 in the factor 
matrices described above. However, a higher proportion of 
the total zinc within the rock appears to occur within 
chlorite. The positive loading on CU is consistent with 
the observed slight increase in the MgO content of the wall-
rocks adjacent to the copper mineralisation (Fig. 3.22). 
The copper content of the wallrocks adjacent to the coppe~ 
mineralisation is less than 2 ppm. 
Factors 4 and 5 are similar to those described 
above. 
Factor 6 again illustrates the influence of the 
sills on the population variance; 
and Pb contents. 
these have higher Sr, Cu 
The meaning 0£ the loadings on factors 7, 8 and 10 
is not clear; the loading in factor 9 indicates that the 
apatite content is higher in rocks with a low chromium 
content. 
Chlorine does not exhibit significant correlation 
with any component other than with Cu, Pb and s. The lack 
of significant correlation with Fe 2o 3 and Na 2o could be a 
result of the small variance of these within the wallrocks 
of the copper concentrations. 
The marked differences in the behaviour of the 
components within the wallrocks of the copper concentrations 
is the higher correlation of zinc with the chlorite 
components, and chromium with the components of the titanium-
bearing phases. As expected the behaviour of the inert 
components and geochemically coherent mobile components in 
the wallrocks of the copper concentrations is generally 
similar to that in the altered basalts elsewhere in the 
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Mission and Cassidy Groups. The only marked differences in 
behaviour occur for Cu, Zn, Pb, Cl and s. 
4.3 GEOCHEMISTRY OF Cu, Zn, Pb AND S 
4.3.1 Geochemistry of Copper and Sulfur 
Copper may occur either as a sulfide or a~ cu++ or 
cu+ within silicates and oxides. cu++ is accommodated in 
the most distorted octahedral sites within silicat~ minerals 
and oxides such as pyroxenes and magnetite. These sites 
also will accommodate Fe++, with Fe++ dntering these sites 
preferentially to cu++. The reasons for this behaviour of 
cu++ are described by Burns (1970). The primary minerals in 
basalts which will most readily accommodate cu++ would be 
expected to be iron-rich orthopyroxenes, clinopyroxenes and 
magnetite. cu+, which has zero crystal field stabilisation 
energy would be expected therefore~ to be accommodated in 
sites compatible with its size and charge; the Na+ sites in 
~lagioclase are most suitable (Taylor 1965) . The limited 
data available are in general agreement with these 
predictions. The copper contents of clinopyroxenes (23-1000 
ppm; 100 ppm mean) and magnetite (110-880 ppm; 459 ppm mean) 
are higher than those of olivine (20-219 ppm; 34 ppm mean) 
and plagioclase ~30-700 ppm; 50 ppm mean) (Wager et al. 
(1957), Cornwall & Rose (1957), McDougall & Lovering (1963) 
and Brown (1967)). The copper contents of these minerals is 
very variable, and are highest in these phases within 
basaltic rocks, particularly within iron-rich basaltic 
differentiates (Wager et al. 1957, McDougall & Lovering 1963). 
The 4igher copper contents of tholeiites is evident if these 
are compared with alkali basalts (Table 3.1). There is a 
weak negative correlation with FeO in basalts, but the 
correlation coefficient is not significantly different from 
zero at the 95% confidence level. There is no significant 
correlation with Na 2o. These correlation coefficients were 
determined in 104 samples of tholeiites and alkali basalts 
and were -.008 (Cu:FeO) and .019 (Cu:Na); the data were 
taken from the references listed in Chapter 3. These low 
correlations may be a result of the small variance of FeO 
and Na 2o and the variance introduced by the different 
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experimental methods used. However, a significant positive 
correlation occurs between Cu and FeO if data are used from 
all types of extrusive rocks (Fig. 4~3). The correlation 
coefficient for Cu and FeO froml04 samples is 0.452 and for 
Cu:Na 2o it is -0.313. The Cu to FeO correlation in the 
sills within the altered basalts is .419 (Fig. 4.14); 
however, because this was determined on data from 10 samples 
it is significantly different from zero only at the 90% 
confidence level. There is negative correlation between Cu 
and Na 2o in the sills (-.409). These results suggest that 
most of the copper within extrusive rocks occurs as cu 2+, 
rather than as cu+, that substitution for Fe 2 + has occurred, 
and that little or no substitution occurs for Na+. 
Copper sulfides are common within basalts. Limited 
data (Cornwall & Rose 1957) indicate that 30-66% of the total 
copper is acid insoluble, i.e. is non-sulfide copper. This 
result is subject to errors caused by the degree of sample 
grinding and the variation in grain size of the sulfides. 
Ricke (1960) determined the sulfide-sulfur of basalt 
pyroxene to be in the range 10-30 ppm and plagioclase to be 
in the range 30-50 ppm. Although these data are available 
for about 6 samples only 1 it suggests that a large proportion 
of the copper in the silicate phase could occur as a sulfide. 
The most abundant observed sulfides are chalcopyrite, and 
bornite, with minor pyrrhotite and pyrite (Desborough et al. 
1968; Wager et al. 1957). Pyrite is more abundant with 
higher Si rocks such as rhyolites and andesites. Thus it 
appears that a large proportion of the copper within 
tholeiites occurs as a sulfide. 
The limited data available on the sulfur contents 
of extrusive rocks (Ricke 1960; Moore & Fabbi 1971) 
indicate that iron-rich basalts (tholeiites) contain the 
highest sulfide-sulfur (380 ppm) with lower concentrations 
in alkali basalts (180 ppm), andesites and rhyolites (50 
ppm) . It must be noted, however, that the total sulfur 
content of alkali basalts, particularly in phonolites and 
nephelinites is considerably higher than that of tholeiites; 
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the alkali basalts have a markedly higher sulfate-sulfur 
content (Ricke 1960). Sulfur also exhibits a positive 
correlation with FeO in rocks with a large range of FeO 
contents; this is illustrated in Fig. 4.li The correlation 
between FeO and sulfur is 0.85 and between copper and 
sulfur in the same rocks is 0.869 (Fig. 4.13) (Ricke 1960 and 
other data from sources listed in Chapter 4) . The effect of 
high experimental error in determination of sulfur contents 
reduces the above correlations. The correlation between 
Cu, s and FeO is illustrated by the sills (Figs. 4.i4 and 
4. 15) the correlation coeffic~ents are .819 (S:FeO), 
.636 (Cu:S), .419 (Cu:FeO) and -0.717 (S:Na 2o). Because 
these data. are taken from 10 samples, correlation coeffic-
ients above .549 are significantly different from zero at the 
90% confidence level. Therefore, because of the similar 
variation of copper and sulfur with FeO both copper and 
sulfur in various extrusive rocks will show an enhanced 
correlation. Wedepohl (1963) used this correlation between 
copper.and sulfur to infer that all copper in igneous rocks 
occurs as sulfides, but in the light of the above, this 
inference is questionable. The only conclusion that can. be 
drawn is that most of the copper will occur as a sulfide, and 
that some substitutes for Fe 2+ in the silicate and oxide 
phases. 
The above variation of the sulfur contents in 
volcanic rocks is consistent with the experimental work of 
Maclean (1969) and the observations on sulfide distribution 
in the Skaergaard intrusion (Wager et al. 1957). These have 
shown that sulfide solubility in a silicate melt is 
controlled by 
(a) the aFe++ within the melt; sulfide 
solubility is highest in a melt in which 
ape++ is high 
(b) the oxidation state of the melt; sulfide 
solubility is highest in melts with a high aFe++ 
(c) the silica activity and activities of alkali 
metals; sulfur solubility is lower in melts 
in which these activities are high. 
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related. 
It is evident that all these factors are closely 
In silicate melts which differentiate along an 
''iron enrichment trend" (i.e. with a moderately constant 
oxidation state), such as tholeiite melts, sulfur and copper 
will be initially enriched in the melt because the iron 
content of the melt is increasing as a result of initial 
crystallisation of Mg- and Ca-rich phases. On 
continued crystallisation, separation of Fe++_bearing phases 
such as hypersthene, pigeonite, augite and iron oxides will 
tend to remove some cu++ from the melt and also decrease the 
sulfide solubility. As a ~esult of crystallisation of iron-
bearing minerals, sulfides will be precipitated, and the 
iron-rich differentiates will consequently have a higher 
su~fur content. Because copper is ~1000 times mo~e soluble 
in'. a sulfide melt than in a silicate melt (Wager et al. 
I 
19$7) 
melt. 
sulfide precipitatidn depletes copp~r in the remaining 
The copper contents of FeO-rich rocks in the 
Sk.ergaard intrusion shows a more rapid increase relative to 
I 
th•t of sulfur before the precipitation of ,sulfides occurred 
(Wager et al. 1957); this 'suggests that some of the m~lt 
copper was being incorporatjed into the Fe++ sites in.the 
i 
pr$cipitating phases. Sim~lar increases in the cppper 
content of iron-bearing phases before sulfides become 
abundant in differentiated sequences have also occurr~d in 
the areas described below. On continued differentiation, 
in~rease in the activities of silica and the alkalis may 
cause precipitation of iron-rich sulfides such as pyrite, but 
the sulfur contents of the acid differentiates is low 
relative to the earlier iron-rich differentiates. 
The sulfur contents of the final acid differentiate 
will be dependent on the amount of copper originally present; 
if. it was high relative to sulfur during sulfide precipit-
ation the final sulfur content would be low. Similarly, if 
the sulfur content is high ·relative to copper during sulfide 
precipitation, the copper oontent of the acid differentiates 
would be low. Wager et al. (1957) show that pyrite is more 
soluble within basaltic melts than are copper iron 
sulfides; this is in accord with observations on sulfides 
in tholeiites. Similar behaviour of copper and sulfur with 
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differentiation has been observed in the Tasmanian dolerites 
(McDougall & Lovering 1963) , in an alkali basalt series in 
Ethiopia (Treuil et al. 1971) and in the Siberian tholeiite 
sills (Al'Mukhamedov & Nesterenko 1971). If the sulfur 
content of the melt is initially high, and if the oxidation 
state is rapidly ~ricreased (e.g. by inclus~on of water) 
initial precipitatio~ of nickel-rich sulfides may occur 
before nickel is removed from the melt by 6livine crystal1-
~sation. Th~s initial precipitation of sulfides will also 
deplete the melt in copper, and hence may preclude the 
appearance of copper sulfides on continued differentiation. 
The sulfur content of melts differentiating along an iron 
enrichment trend must be initially low for copper sulfides 
' to appear during precipitation of iron-rich phases. 
The behaviour of both copper and sulfur in melts 
wi11 thus ensure that copper and sulfur will show an 
enhanced correlation. It is apparent that most of the 
copper occurs as sulfides. in iron-rich rocks such as 
tholeiites; because of this copper and FeO will also show 
an enhanced correlation. The negative correlations between 
Na 2o, S and Cu described above are also consistent with the 
behaviour of copper ~nd sulfur in silicate melts. This also 
indicates that cu+ in plagioclase accounts for a very small 
proportion of the total copper; the weak positive 
correlation obtained by Floyd (1968) between copper and Na 2 o 
appears thus to be a result of sampling or experimental 
i 
error. 
In the light of the above, it is evident that the 
low copper and sulfur contents of the Warburton basalts are 
a result of oxidation and removal of the contained copper 
sulfides. Similarly, oxidation during alteration of the 
magnetite and iron-titanium oxides to hematite would expel 
most of the cu++; cu++ would not be accommodated in the 
undistorted Fe 3+ sites in hematite. The behaviour of' copper 
in clinopyroxenes during chlorite replacement depends on the 
. j 
ability of chlorite to accommodate copper. The only 1 
available data (Cornwall & Rose 1957) suggests that the 
copper content of chlorite is comparable to that of clino-
pyroxene. The cu++ may be accommodated in the Fe++ s~tes in 
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the chlorite. Because most of the copper in tholeiites 
occurs as sulfides and within magnetite (and iron-titanium 
oxides), oxidation of tholeiites during alteration would be 
a most efficient means of mobilising copper (and sulfur). 
4.3.2 Distribution of Gu, Zn~ Pb and S in the 
<;iltered basalts 
The only significant correlation displayed by 
copper in all samples of the altered basalts is with sulfur 
(Fig~ 4,1(?) i the wallrocks of the copper concentrations 
contain lower copper and sulfur contents than do the other 
a+tered basalts. However, this correlation results from the 
high copper and sulfur contents in 6 of the samples (Fig. 
4.16) i if these are not included~ the correlation 
coefficient is not significantly different from zero. 
together with the non-significant ( 9 5% confidence) 
correlation with sulfur in the wallrocks of the copper 
concentrations suggests that copper does not occur as 
This, 
sulfides in most of the basalts. However, the low positive 
correlation between copper and vanadium within basalts away 
from copper concentrations, particularly within the Cassidy 
Group (Fig. 4.17) indicates that some of the copper occurs 
within Fe2+ sites in the iron-titanium oxides. The 
correlation between copper and vanadium is evident 
from Table 4.8. No correlation occurs between sulfur and 
total FeO, or between sulfur and vanadium or between copper 
and the FeO/total FeO ratio. Because the wallrocks of the 
copper concentrations have higher Fe 2o 3 contents and lower 
copper and sulfur contents,-a significant negative 
correlation was expected between copper and the FeO/total 
FeO ratio. This lack of correlation suggests that most of 
the copper sulfides within the basalts were removed before 
oxidation of the iron-titanium oxides occurred, and that much 
of the copper originally present within the basalts occurred 
as a sulfide. The absence of a correlation between the FeO 
and copper within the wallrocks of the copper concentrations 
also indicates that most of the cu++ within the original 
Fe++ sites has been removed. The low correlation between 
copper and vanadium in the altered basalts elsewhere, 
particularly within the Cassidy Group, suggests that the 
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cu++ within the iron-titanium oxides has not been removed. 
This is consistent with the occurrence of relatively 
unaltered iron-titanium oxides in the Cassidy Group. The 
correlations between copper, .sulfur and other components 
are shown in Table 4.8. 
The markedly high copper and sulfur contents of the 
relatively unaltered sills and the significant correlations 
between copper, sulfur and FeO in the sills support the 
abQve conclusions. 
The significant correlation between copper and 
chlorine and between copper and sulfur in the host rocks of 
the copper concentrations is spurious, as reference to 
Figs. 4.16 and 4.18 shows. It is the result of weighting 
of the population correlation coefficient by the high 
~opper, chlorine and sulfur contents of sample 6.394. 
To summarise, copper bccurs both as a sulfide in 
probably 6 of the samples and as cu++ within the altered 
basalts; within the wallrocks of the copper concentrations 
mbst of the copper sulfides, as well as cu++, has been 
removed from the basalts. The copper and copper sulfides 
ha~e been removed from the basalts as a result of oxidation. 
Lead occurs within apatite, the Ti-, Zr- and Nb-
bearing phases and within other calcium-bearing phases in 
tbe altered basalts. The occurrence within the Ti-, zr-
and Nb-bearing phases has been described above (Fig. 4.22). 
Because of the significant correlation with Cao and co2 
(Table 4.7) much of the lead probably occurs within calcite 
(Fig. 4.19). Lead would be expected to occur within ca++ 
sites in alteration minerals such as epidote and prehnite 
as well. It does not show any correlation with sulfur. For 
these reasons, oxidation of basalts and alteration to 
calcite-epidote-prehnite, etc. al~eration assemblages would 
not mobilise lead. Within the host rocks of the copper 
concentrations, lead shows a significant correlation with 
chlorine and sulfur (Table 4.8); however, as reference to 
Figs. 4.20 and 4.21 shows, these are again spurious. 
Zinc occurs within the tetrahedral sites within 
the iron-titanium oxides and within chlorite in the altered 
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Table 4.8 
Correlation Matrices for Cu Zn Pb 
All Samples (99 samples) 
Fe203 FeO MnO MgO cao H2o + H20 C02 I:FeO I:FeO/ FeO v Ni 8 Cl 
Cu -.117 .079 .078 .003 -.031 .043 .047 -.108 .096 .100 -.059 .015 .340 
Zn .024 .170 .530 .350 -.110 .335 .163 .079 .310 .097 .025 .142 .105 
Pb .185 -.142 -.088 -.238 .413 -.060 -.119 .294 .124 -.149 -.082 .036 .147 
s .060 -.134 -.243 .205 -.045 .113 -.082 -.060 -.108 -.177 
Cassidy and Mission Gr9ups 
Cu .043 .032 -.271 -.114 -.Q74 .023 -.039 -.250 .156 .004 .301 -.130 .059 -.204 
Zn .073 .123 • 302 .109 .025 .147 .009 .272 .404 .069 .050 -.150 -.034 .408 
Pb .297 -.197 -.088 -.263 .407 .002 -.070 .349 .246 -.216 -.074 -.237 .119 .471 
s -.160 .143 -.239 -.220 .128 -.010 .097 -.007 -.148 -.032 -.133 .128 
Cl .476 -.377 .031 -.387 .339 .110 .551 .390 .269 -.426 -.188 -.237 .128 
Cassidy Group 
Cu .098 .035 -,368 -.179 -.174 -.123 .008 -.270 .248 -.033 .375 -.009 .496 
Zn -.143 .472 .449 ,378 -.190 .498 .246 -.264 .563 .341 .448 -.002 -.184 
Pb .328 -.107 -.113 -.232 .057 -.236 -.144 -.303 .432 -.207 .289 -,164 .052 
s .014 .065 -.342 -.114 -.221 -.167 -.077 -.071 -.023 .050 -.146 -.041 
Diamond Drill Holes 
Cu -.192 .125 .210 .061 -.096 .075 .103 -.085 -.165 ,174 -. 168 .067 .260 .636 
Zn -.103 .329 .891 .695 -.453 .600 -.310 -.376 .198 .1202 -.024 .389 -.369 -.248 
Pb .101 -.209 -.052 -.238 .132 -.175 -.060 .131 -.069 -.090 -.260 -.173 .314 .534 
s .074 -.040 -.189 -.108 .119 .024 .241 .059 -.065 -.154 -.184 .394 
Cl .202 -.132 -.254 -.187 .217 -.037 -.405 .334 -.308 -.193 -.080 -.289 .394 
Noter S and Cl data for the sills excluded from the above. 
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basalts away from the copper concentrations. This is evident. 
from the high correlation between zinc, total FeO, V, MgO and 
The correlation between zinc and vanadium 
is distinct within the Cassidy Group (Fig. 4.23); within the 
Mission Group, a higher correlation between zinc and the 
chlorite components is evident (Fig. 4.8). The high 
correlation with vanadium and FeO in the Cassidy Group 
indicates that most of the zinc occurs within the magnetite 
or iron-titanium oxides. Within the wallrocks of the copper 
concentrations, the zinc occurs in chlorite and within the 
i;ron oxides (Fig. 4.8). This is evi~ent from Table 4.8 and 
the factor analysis above. Zinc displays a negative 
correlation with sulfur and chlorine (Table 4.7). 
Zinc has been mobilised as a result of oxidation 
of the iron~titanium oxides, but most of the mobilised zinc 
has been included in the chlorite, i.e. during alteration of 
the wallrocks of the copper concentrations, zinc has moved 
from the iron-titanium oxides as a result of oxidation and 
has been precipitated with~n chlorite. 
Sulfur shows a moderate positive correlation with 
lead and cppper in the wallrocks of the copper concentrations 
and with copper in all the altered basalts (Table 4.$) i that 
these correlation coefficients are weighted by the occurrence 
of a few.samples containing high copper, lead, sulfur and 
chlorine contents is evident from Figs. 4.18, 4.20 and 4.21. 
In the wallrocks of the copper concentrations the sulfur may 
occur as a sulfate, because of the low positive correlations 
with Cl, Cao and co 2 (Table 4.8). There is enough sulfur 
remaining within the altered basalts to account for all the 
copper, zinc and lead as sulfides. Because pyrite and 
pyrrbotite are rare within fresh continental tholeiites, most 
of the sulfur must occur, therefore. as a sulfate. This is 
consistent with the observed lack of a high positive 
correlation of sulfur with lead, zinc or copper and is 
consistent with the alteration mineral assemblages. Ricke 
(1960) determined the sulfate-sulfur content of tholeiite 
basalts to 1/3 the sulfide-sulfur content. However, the 
amount of sulfate-sulfur present in the altered basalts 
relative to the sulfide-sulfur content is probably greater 
thai;l this. 
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4.4 CONCLUSION 
The localised nature of the alteration within the 
wal1~ocks of the copper concentrations is evident from the 
different modes of occurrence of Cu, Zn and Pb within these 
rocks. Both copper and lead appear to occur as sulfides 
(and/or sulfates) in some samples, and zinc occurs within 
c~lorite. In the altered basalts elsewhere copper, zinc and 
lead occur mainly in the magnetite or iron-titanium oxides 
(copper and zinc) and within calcite, plagioclase, epidote 
and prehnite (lead). 
This suggests that, in the vicinity of the copper 
concentrations, the copper and zinc were mobile but zinc was 
precipitated in chlorite and the lead was included in the 
calcium-bearing minerals. The correlation between lead, 
copper and chlorine also indicates that some of the lead and 
qopper in these rocks may be occurring in fluid inclusions. 
Initial oxidation of the basalts removed most of the 
contained copper sulfides, and because much of the total 
copper occurred as sulfides, this initial oxidation mobilised 
large amounts of copper. As a result of this removal of 
sulfide-copper, the correlation between cu++ (within Fe++ 
sites) with total FeO in basalts should be made clearer. This 
is cbnsidered t~ be the case in the Cassidy Group, where the 
iron-titanium oxides have not been oxidised. The Cassidy 
Group basalts (excluding the relatively unaltered sills) have 
lost 50 ppm Cu and this represents the sulfide copper lost. 
If this inference is valid it indicates that ~50% of the Cu< 
in continental tholeiites occurs as sulfide copper. However, 
some of the remaining cu++ within clinopyroxene may have been 
lost because ~f replacement by epidote. cu++ wotild not be 
expected to be accommodated in the epidote structure. The 
above correlation between copper and vanadium also indicates 
that most of the cu++ within Fe++ sites occurs within the 
iron-titanium oxides. 
Similarly, the almost complete removal of copper 
from the wallrocks of the copper concentrations is a result 
of oxidation of the iron-titanium oxides; this represents 
the non-sulfide copper. Because of this oxidation, zinc would 
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be removed as well, but it was "transferred" to chlorite. 
Thus if chlorite precipitation did not occur, both zinc and 
copper would move out of the alteration system. The loss of 
non-sulfide copper occurs at a further stage in the 
alteration process. 
It is clear that copper w~ll be mobilised if the 
oxidation state o~ the alteration system is sufficiently 
high to increase sulfide solubility or is sufficiently high 
to cause replacement of the iron-titanium oxides and clino-
pyroxene by Fe3+-bearing minerals. If the pH of the initial 
reacting solution is sufficiently low, sulfides will also be 
removed in the aqueous. phase. However, because the pH of 
most. natural waters is close. to neutral, this is unlikely to 
occur within most cases of alteration within basalt. 
Uranium is not markedly mobile during alteration. 
However, if the uran:i,um-bearipg phases were finely divided, 
e.g. in tuffs, it wou1d probabl¥ be more mobile as a result. 
Mineral phases such a~ zircon, leucoxene (sphene} and apatite 
:i,n the alteration assemblages appear to have retained most 
of the uranium as a result of their stability during basalt 
alteration. 
The similarity of the behaviour of copper, FeO and 
sulfur within the relatively unaltered sills to that in 
unaltered basalts and sills again indicates that these rocks 
are l~ttle altered; they have not lost Cu, Pb, Zr or S. 
The rhyolites show little eviden~e of alteration. 
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CHAPTER 5. CONTINENTAL COPPER CONCENTRATIONS 
5.1 INTRODUCTION 
Altered basalts of the type found in the Warburton 
area are potential source rocks of copper, and are not source 
rocks of lead and zinc. However, associated rhyolites, 
particularly if they are tuffaceous, are potential source 
rocks of lead and zinc. 
Because copper is the only component mobilised 
during basalt alteration of the type described, the metal 
concentration associated with altered continental tholeiites 
should consist dominantly of copper. Metal concentrations 
which consist of copper only are the continental copper 
concentrations and the porphyry copper concentrations. 
Examples of continental copper concentrations are those at 
Mt. Isa, White Pine, and the Zambian Copperbelt. 
Thqs, before the alteration model developed can be 
applied to these copper concentrations, it is necessary to 
determine whether they are associated with continental 
tholeiites. Because the porphyry copper concentrations are 
only associated with calc-alkaline and shoshonitic rocks, 
they will not be considered in. detail~ Since high potassium 
rhyolitic tuffs are sometimes associated with continental 
,tholeiites, the genesis of the stratiform. lead-zinc 
concentrations within continental environments will be 
briefly considered. 
5.2 CONTINENTAL COPPER CONCENTRATIONS 
5.2.l Summary of.Occurrences 
The copper concentrations and some zinc lead concen-
trations which have formed within a continental environment 
are listed in Table 5.1. These represent economically 
important copper and zinc lead concentrations and include 
the so-called stratiform metal concentrations. The copper 
concentrations not included are those. associated with Andean 
type continental margin and island arc type volcanics .. 
These.concentrations are the porphyry type copper deposits 
ana the massive sulfide zinc-copper-lead deposits such as 
the Japanese Kuroko deposits, th~ Canadian zinc-copper 
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Table 5.1 
Copper concentrations within continental environments 
Occurrence 
Keeweenaw Peninsula, 
Lake Superior 
White Pine 
Nova Scotia and 
New Brunswick 
Coppermine River 
New Jersey, 
Connecticut 
N.E. Oregon, Columbia, 
Idaho 
Donets Basin 
Siberian Lava 
Platform 
Dzhezkazgan 
North Verkhoyansk 
Kupferschiefer 
Coro Coro 
Boleo, Baja California 
Zambian Copperbelt 
Kilembe 
Mt. Isa 
Mt. Oxide - Mammoth 
Adelaide "Geosyncline" 
Warburton 
Antrim Plateau 
Kimberley region 
Yongyang Basin 
Location 
Michigan, U.S.A. 
Michigan, U.S.A. 
Canada 
Canada 
N.E. U.S.A. 
N.W. U.S.A. 
u.s.s.R. 
u.s.s.R. 
Kazakhstan, 
u.s.s.R. 
u.s.s.R. 
Germany and 
Poland 
Bolivia 
Mexico 
Zambia 
Uganda 
Queensland, 
Australia 
N.W. of Mt. Isa 
South Australia 
Western 
Australia 
N.E. Western 
Australia 
Western 
Australia 
Korea 
Reference 
Lindgren (1932)1 Cornwall (1956)1 
White (1968) 
Chaudhuri & Faure (1967)1 
Hamilton (1967); Ensign~· 
(1968) 
Papenfus (1931) 
Baragar (1969)1 Kindle (1970) 
Lindgren (1932) 
Cornwall (1951) 
Nikol'skiy & Buturlinov (1965) 
Cornwall (1951); Kavardin & 
Golubkov (1968) 
Davidson (1965); Boyle (1968); 
Moiseyenko (1965); Druzhinin 
(1965) 
Naumov & Ushakov (1968) 
Dunham (1964); Davidson (1965) 
Ljunggren & Meyer (1964) 
Wilson & Rocha (1955) 
Mendelsohn (1961); Garlick (1969) 
Davis (1967) 
. Bennett (1965) 
Carter ~· (1961) 
Thomson (1965) 
this thesis 
Bultitude (pers. comm. 1971) 
Dow & Gemuts (1969) 
Jaung-Hwan (1968) 
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Table 5.2 
Native copper chalcocite concentrations within 
altered continental tholeiites and intercalated 
sediments 
Locality 
Keeweenaw-Peninsula, 
Lake Superior 
Coppermine River, 
Canada 
Northeast Oreqon, 
Columbia, Idaho 
New Jersey, 
Connecticut 
Siberian Lava 
Platform 
Antrim Plateal,1, 
w. Australia 
Warb1,1rton, w. 
Australia 
Kimberley, w. 
Australia 
Yongy~nilJ Basin, 
Korea 
· Reference on 
locality 
White, w.s. (1968) 
Kindle (1970). 
·Cornwall (1956) 
Lindgren (1930) 
Cornwall (1956); 
Kavardin & 
Golubkov (1968) 
Bultit'lilde (pers. 
C<;>mm. 1971) 
this thesis 
Pow& Geinuts 
(1969) 
Jaung-Hwan (1968) 
.;. 
Reference on 
tholeiites 
Cornwall (1951) 
Baragar (1969) 
Waters (1961)1 Hamilton 
(1963); Schmincke (1967)1 
Tilley & Thomson (1970) 
Weigand & Ragland (1970) 
Nesterenko et al. (1964) 
Bultitude (pers. comm. 
1971) 
this thesis· 
Joplin (1963) 
Jaung-Hwan (1968) 
concentrations (e.g. Kidd Creek} and the Bathurst type 
(Canada) or Captain's Flat type zinc-lead-copper 
concentrations. 
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The concentrations are considered to have formed 
within a continental environment if they 
(a) are associated with continental tholeiites 
or 
(b) occur within sediments which overlie 
continental type crustal rocks. 
The sediments are sandstones, quartzites, graphitic 
shales, carbonate rocks, tuffs, and the metamorphosed 
equivalents of these. Red beds and evaporites may occur. 
5. 2. 2 Environment of Occurrence 
The environment of occurrence of the individual 
cop~er concentrations are listed in Tables 5.2 and 5.3. The 
environments listed in Tables 5.2, 5.3 and 5.4 contain thick 
sequences of altered basalts. The alteration mineral 
asse~blages. within the basalts are similar to those in the 
Warburton area. The altered basalts invariably occur below, or are 
interbedded with, the sediment containing copper concentra-
tions. The tectonic environment of the basalt occurrence is 
summarised in Table 5.5, and average compositions of some. 
altered basalts summarised in Table 5.6. Because of the 
similarity of the tectonic environment with that of 
unaltered continental tholeiites and because the rhyolitic 
ignimbrites and ash. flow tuffs are associated with these 
altered basalts, it is reasonable to infer that these 
associated volcanics are altered continental tholeiites. 
This is supported by the chemistry of some of these altered 
basalts (Table 5.6). 
It is evident (Tables 5.2, 5.3 and 5.4) that most 
continental copper concentrations are associated with altered 
continental tholeiites. Those concentrations for which this 
association is not clear are listed in Table 5.4. These will 
be considered in more detail below. Three zinc-lead 
occurrences which contain very ~mall amounts of copper are 
the Broken Hill, Macarthur River and Dugald River occurrences. 
In these areas, altered continental tholeiites or 
157 
· Table 5. 3 
Native copper-chalcocite concentrations 
within red beds, quartzites or graphitic 
shales overlying altered continental 
t.ocality 
White fine, 
Miqhigan 
Boleo, Baja 
California 
New Jersey, 
Pennsylvania 
Antrim Plateau, 
w. Australia 
Mt. Isa, * 
Queensland 
Mt. Oxide, 
Mammoth· area, 
N.W. Queensland 
** 
tholeiites 
Reference on 
locality 
Ensign, et al. (1968) 
Wilson & Rocha (1955) 
Brown (1968) 
Bultituqe (pers. 
comm. 1971) . 
Bennett (1965) 
Carter et al. (1961) 
Note: * chalcopyrite-pyrite-pyrrhotite 
** chalcocite 
Reference on 
tholeiites 
Cornwall (1951) 
Hawkins (1970) 
Weigand & Ragland 
(1970) 
Bultitude (pers. 
comm. 1971) 
Joplin (1963); 
B.M.R. (Unpublished); 
Glikson, A. (Pers. 
comm. 1971) 
Joplin (1963); 
Glikson, A. (Pers. 
comm. 1971); B.M.R. 
(unpublished) 
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Table 5.4 
Native copper-chalcocite concentrations within 
red beds, quartzites or graphitic shales that 
overlie altered basalts which are probably 
altered continental tholeiites 
Locality 
Coro Coro, Bolivia 
Kupferschief er* 
Zambian Copperbelt* 
Kilembe, Uganda* 
Adelaide "Geosyncline" 
Dzhezkazgan, 
Kazakhstan, u.s.s.R. 
Nova Scotia, 
New Brunswick 
Donets Basin 
N. Verkhoyansk 
Reference on 
locality 
Ljunggren & Meyer 
(1964) 
Davidson (1965)1 
Dunham (1964) 
Mendelsohn (1961) 
Davis (1967) 
Thomson (1965) 
Davidson (1965); 
Boyle (1968); 
Moiseyenko (1965)1 
Druzhinin (1965) 
Papenfus (1931) 
Nikol'skiy & 
Buturlinov (1965) 
Naumov & Ushakov 
(1968) 
Note: * chalcocite-bornite-chalcopyrite 
Reference on associated 
volcanics, altered 
volcanics or 
amphibolites 
Ljunggren & Meyer (1964) 
Boyle (1968)1 Herrman & 
Wedepohl (1970) 
Mendelsohn (1961) 
Davis (1967) 
Joplin (1963); Thomson 
(1965) 
Dvortsova (1965)1 
Moiseyenko (1965) 
Papenfus (1931) 
Nikol'skiy & Buturlinov 
(1965) 
Kuznetsov et al. (1967) 
Locality 
Keeweenaw 
Peninsula 
Coppermine 
River 
Nova Scotia and 
New Brunswick 
New Jersey and 
Connecticut 
Columbia River 
basalts in N.E. 
Oregon 
Coro Coro, 
Bolivia 
Mansfield area 
and N.W. 
Germany 
Donets Basin 
N. Verkhoyansk 
Dzhezkazgan and 
Chu Ili 
Mountains 
Adelaide "Geo-
syncline" 
Mt. Isa region 
Mt. Oxide region 
N.W. Queensland 
A,ntrim Plateau 
and Kimberley 
region, Western 
Australia 
N.W. Western 
Australia 
I 
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Table 5.5 
Occurrences of altered continental tholeiites 
Structure 
deep crustal syn-
cline or rift 
depression 
rifts 
depression 
depression 
depressions 
rift· 
depression 
rift 
rift 
rift 
rift 
rifts and 
depressions 
. depression 
Associated 
Volcanics 
rhyolites 
rhyolites 
rhyolites 
rhyolites 
rhyolites 
rhyolites 
rhyolites 
rhyolites 
rhyolites 
Reference 
Cornwall (1951); Ringwood & 
Green (1966) 
Baragar (i969); Kindle (1970) 
Papenfus (1931) 
Weigand & Ragland (1970) 
Cornwall (1951) 
Ljunggren & Myer (1964) 
Dunham (1964); Herrmann & 
Wedepohl (1970) 
Nikol'skiy & Buturlinov 
(1965) 
Kuznetsov et al. (1967); 
Naumov & Ushakov (1968) 
Dvortsova (1965); Moiseyenko 
(1965); V.T. Frolov (pers. 
comm. 1971) 
Joplin (1963); Thomson (1965) 
Joplin (1963); B.M.R.* 
(unpublished) 
Joplin (1963) 
Joplin (1963); B.M.R. 
(unpublished) 
MacLeod & Halligan (1965) 
Note: * Commonwealth Bureau of Mineral Resources, Geology and Geophysics 
Table 5.6 
Altered continental tholeiites 
Coppermine Mt. Isa Cloncurry Mt. Isa Keeweenaw Middleback 
River, region region, s.E. region Peninsula Range, s. 
Canada Q'land of Mt. Isa Australia 
Si02 49.9 49.5 51.3 48.8 50.0 49.4 
Ti02 2.2 1.6 1. 7 1.4 1.9 1.8 
Al203 12.5 14.2 13.7 15.3 15.7 13.8 
Fe2o3 6.8 15.2* 14.5* 2.9 4.4 3.4 
FeO 6.2 9.7 7.5 10.4 
MnO 0.2 0.2 0.3 0.2 0.2 0.4 
MgO 6.6 5.4 5.1 6.7 7.3 6.2 
CaO 7.2 10.4 8.3 9.8 8.4 9.6 
Na2o 3.2 2.6 2.0 2.4 2.6 2.2 
K20 1.6 0.8 1.9 1.3 1.2 1.2 
P205 0.2 0.2 0.2 0.3 0.2 0.3 
Number of 
analyses 178 24 8 17 2** 3 
Reference Baragar BMR BMR Joplin Cornwall Joplin 
1969 (unpub.) (unpub.) 1963 . 1951 1963 
Notes: * total iron; ** 2 analyses only available 
North Kimberley Warburton, 
Adelaide region, W. Western 
Geosyncline Australia Australia 
49.0 51.4 47.9 
1.5 1.2 2.6 
14.7 14.0 15.0 
4.7 4.4 10.0 
8.3 9.0 4.7 
0.2 0.3 0.2 
7.5 4.7 5.4 
9.2 9.6 8.6 
3.0 2.5 3.9 
0.9 1.6 1.1 
0.2 0.4 0.5 
9 13 99 
Joplin Joplin this 
1963 1963 thesis 
Average 
continental 
tholeiite lava 
51.2 
2.5 
14.0 
3.7 
9.0 
0.2 
5.8 
8.6 
2.9 
1.2 
0.4 
this 
thesis 
...... 
(j\ 
0 
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amphibolites are minor or absent; and significant copper 
concentrations do not occur within these regions. This also 
suggests that altered continental tholeiites are a source 
rock of large copper concentrations. 
Two of the largest copper concentrations do not 
show this distinct association with altered continental 
tholeiites, and they are the Zambian Copperbelt occurrences 
and the Kupferschiefer. 
The higher grade copper concentrations of the 
Kupferschiefer occur within basalts, which in the Mansfield 
area are underlain by Devonian to lower Permian continental 
spilites (Dunham 1964; Boyle 1968; Herrman & Wedepohl 
1970) . Burially metamorphosed continental tholeiites of 
Devonian to Carboniferous Age are widespread in N.W. Germany 
(Herrman & Wedepohl 1970) and may be coextensive with the 
Kupferschiefer. However, no information could be obtained on 
the distribution of these tholeiites underlying the regions 
of higher grade copper concentrations. 
The Zambian copper concentrations are considered 
in more detail in Chapter 6. 
The copper concentrations occur within regions that 
were originally rifts or crustal depressions within 
continental crust (Table 5.5). Because of this continental 
environment, red bed and evaporite sequences are likely to 
occur within these regions. 
5.2.3 Origin 
The association of these copper concentrations with 
altered continental tholeiites containing alteration mineral 
assemblages similar to those within the Warburton basalts 
suggests a genetic association. Furthermore, the geochemistry 
of these altered basalts suggests that they are the source 
rocks of the copper, the copper being mobilised during basalt 
alteration. The zinc (and lead} content of these copper 
concentrations would be low because of their retention in the 
altered basalts. 
Because of the high oxidation state of the 
a+teration-producing aqueous phase, a large proportion of the 
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mobilised copper together with the mobilised basalt sulfur 
will move out of the basalt pile. Reaction paths which 
cause pH changes in this type of environment will not be 
efficient sulfide precipitators because of the high oxidation 
state, Sulfide precipitation will occur if there is a 
lowering of the oxidation state or dilution if the total 
chloride ion concentration is high. A lowering of the 
oxidation state will result if the aqueous phase exits from 
the alteration system into a graphitic shale sequence or 
into a sulfide rich euxinic environment within a continental 
lake or sea. The latter process would obviously be 
accompanied by dilution. This will increase the availability 
of free HS- or s-- ion and dilution will increase availab-
ility of free cu+ or cu++ ion with consequent sulfide 
precipitation. If as-- and aFe++ are high, precipitation 
of chalcopyrite, pyrite and other sulfides will result. 
Because the degree of formation of zinc and lead chloride 
complexes is higher than that of the copper complexes and 
because both zinc and lead sulfides are more soluble than 
copper and copper-iron sulfides (Helgeson 1970) , copper 
sulfides will be precipitated initially, followed by lead and 
zinc sulfides. If the exiting aqueous phase moves up through 
or laterally through a sedimentary sequence, or exits into 
the floor of an epicontinental sea, a zonation of the 
sulfides will result, with copper and copper-iron sulfides 
~recipitating at the Hase of the sequence or adjacent to the 
zone of inflow. Because the zinc and lead contents at the 
aqueous phase are low, the copper sulfide zone will be 
enclosed by zinc-and lead-rich haloes only, with no 
significant concentrations of zinc or lead sulfides. 
Furthermore, the sediment adjacent to the zone of inflow 
would be expected to contain the higher grade mineralisation. 
This vertical zonation and lateral zonation of 
sulfides away from basement_highs within sedimentary 
sequences is exhibited by the Kupferschiefer, Boleo (Baja 
California), White Pine and the Zambian Copperbelt 
occurrences. In the White Pine occurrence, the lowermost 
graphitic shale.horizons contain the highest grade ore. 
These features suggest that the copper-bearing aqueous phase 
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entered the sedimentary sequences or the euxinic basin via 
the basement highs or from below. The absence of significant 
zinc and lead in these concentrations also suggests that 
altered or metamorphosed basalts were the source of the 
copper. Significant lead and zinc concentrations will only 
occur if rhyolitic rocks are present (Table 5.5). The zinc 
and lead concentrations are associated with high potassium 
tuffs (or their metamorphosed equivalents) . Tuffs have not 
been observed at White Pine, in the Kupferschiefer or in 
the Zambian copper concentrations. 
It is evident from Table 3.7 (Chapter 3) that the 
rhyolites which are associated with continental tholeiites 
have high zinc.and lead contents: they are suitable source 
rocks for zinc and lead mineralisation. Both altered 
continental tholeiites and high potassium rhyolitic tuffs 
occµr at the Mt. Isa copper-zinc-lead concentration. The 
spatially and geochemically discrete lead-zinc orebodies 
are closely associated with these whilst the copper ore-
bodies occur within carbonate host rocks. This close 
association of the zinc-lead orebodies with the tuffs 
suggests a genetic link. If these tuffs are in contact with 
a hot sodium-rich brine, the potassium feldspar may be 
replaced by albite (Fig. 5.1). Reaction rates would be 
rapid because of the finely aggregated nature of the 
rhyolite; lead would be mobilised by replacement of the 
potassium fel~spar. Zinc would be mobilised if minerals 
such as biotite and hornblende are also replaced by albite. 
On continued reaction, the path will reach the potassium 
feldspar boundary (Fig. 5.1), and if K+ ions are supplied by 
continued rhyolite replacement elsewhere, the albite in 
unaltered rhyolite coming in contact with the reactant 
solution will be replac~d by potassium feldspar, producing 
potassium-rich tuffs. The mobilised lead and zinc will be 
precipitated in an environment in which free s-- ion is 
being produced. This association of potassium-rich tuff s 
with the zinc lead mineralisation and sodium-rich tuffs away 
from the ore zones has been observed at Mt. Isa (C .w. Croxford, 
pers_.comm. 1971). The K2o content of the K-rich rhyolite 
tuffs is approximately equal to the sum of Na 2o and ~2 0 in 
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unaltered rhyolites. Further information is necessary on 
the distribution of the potassium- and sodium-rich tuff s 
about the ore horizons at Mt. Isa before the above model 
can be expanded. 
If red beds are interbedded with the graphitic 
shale sequences, (e.g. White Pine), or if oxidising 
conditions exist within the epicontinental sea, native 
copper may be precipitated. Sulfide precipitation within 
the graphitic shale horizons or euxinic basins will provide 
a source of H+ ions for the reactions producing native 
copper (see below). Formation of native copper, which is 
characteristic of the occurrences listed in Table 5.2, 
results from either reduction of cu+ ion as a result of 
oxidation of Fe2+; 
or from disproportionation of cu+ as a result of the 
increased oxidation state caused by hematite dissolution 
++ 3+ 0 Cu + 2Fe + Cu + 3H20. 
This latter reaction accounts for the occurrence of bleached 
haloes around the native copper grains, absenc~ of inter-
grown hematite and occurrence of native copper within 
he~atite-rich rocks. The former reaction accounts for the 
occurrence of native copper intergrown with hematite (e.g. 
Korea (Jaung-Hwan 1968)). The amount of copper precipitated 
will depend on the pH of the aqueous phase before 
precipitation. 
The mechanism of formation of the chalcocite-
hematite occurrences within the basalt has been discussed 
(Chapter 3). 
Within the graphitic shale sequence, or within 
the euxinic basin, copper or copper-iron sulfides will be 
precipitated; the sulfides composition will depend on the 
activities of Fe++; cu++, cu+ ands--. If the oxidation 
state is high within the source rocks during copper 
mobilisation, minerals such as barite are not likely to 
be precipitated within the basin. This follows from the 
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considerations of barite solubility and mobility of Ba++ 
during basalt alteration. Barite has not been recorded 
from any of the continental copper concentrations. If the 
aca++ within the euxinic basin is high, anhydrite may be 
precipitated. If the aco is high within the aqueous phase 
2 
containing the mobilised copper, carbonate precipitation 
may occur as well around the point of inflow onto the 
euxinic basin. 
5.2.4 Concluding remarks 
The alteration model and copper mobilisation 
model proposed is.most directly applicable to the Mt. Isa, 
White Pine, Mt. Oxide~Mammoth area, Boleo, Donets Basin and 
Dzhezkazgan copper concentrations and to the native copper-
chalcocite occurrences within altered continental 
tholeiites. 
The model proposed above, together with the 
geochemical data on the altered basalts, is subject to 
shortcomings in that little or no definitive geochemical 
data are available for similar altered rocks associated 
with the copper concentrations described. No data on the 
copper contents of the Zambian amphibolites or the spilites 
underlying the Kupferschiefer are avail~ble. Studies of 
the Zambian copperbelt have unfortunately been concentrated 
mainly on the sulfide assemblages or on the host ro~ks of 
the orebodies. 
Because the altered basalts show strontium 
depletion, the carbonate rocks and sediments in the vicinity 
of the copper concentrations may show strontium enrichment. 
If so, strontium enrichment haloes may form potentially 
important ore indicators. 
It is clear.that enough sulfur is released by the 
basalt alteration to allow precipitation of all the copper 
within the aqueous phase as sulfide on reduction of the 
so4-- or HS0 4 -- ions: 
necessary. 
an external source of sulfur is not 
If the hot spring system producing the basalt 
alteration exists for 10 6 years with an average renewal rate 
of the contained thermal water every 300 years, the copper 
167 
concentration of the aqueous phase will be ~0.6 ppm if it is 
assumed that basalts have lost 40 ppm copper and they 
contain 5% (by weight) of a circulating aqueous phase. 
However, as pointed out by Ellis & Mahon (1964), leaching 
occu~s most. rapidly initially, and thus copper concentration 
in the initial circulating phase would be much higher than 
this. This is considerably higher than the copper content 
in most modern hot springs. 
Because the sedimentary sequences containing the 
copper concentrations have formed subaerially and within 
shallow epicontinental seas, they are most likely to include 
evaporites, which will overlie the copper concentrations. 
This association between evaporites and.the copper 
concentrations is believed, therefore, to be. fortuitous, 
particularly if many of the concentrations.were formed by 
''exhalation" of the copper-bearing aqueous phase onto the 
floor of the epicontinental sea. 
If no efficient sulfide precipitating mechanism 
exists, sediments being formed within the epicontinental sea 
may show copper enrichment over large areas. This may have 
occurred in the Kupferschiefer. 
The concept of copper-bearing metallogenic 
provinces is simply explained in terms of the basalt 
alteration model. The Mt. Isa region is an example of a 
copper-rich province; this is because altered continent~l 
tholeiites are widespread throughout the region. It is 
evident that other potentially large copper provinces exist 
in the Deccan, in the Columb{a River region (Washington, 
Oregon and Idaho) and in. the other areas containing 
unaltered continental tholeiites. 
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CHAPTER 6. CONCLUSION 
6.1 Discussion 
6.1.1 Copper Concentrations 
The Warburton area is particularly suitable for a 
study of this type because the unequivocal source rocks of 
the copper concentrations are exposed. The source rocks of 
the large concentrations listed in Chapter 5 are mostly 
concealed in the vicinity of the copper concentrations. 
Studies on all of the copper concentrations listed have 
tended to be concentrated on the host rocks within the 
mineralised areas, with the result that various geochemically 
unsuitable rocks have been postulated as sources of the 
copper. This is discussed further below. Two of these 
studies, by Jaung Hwan (1968) and by Cornwall & Rose (1956) 
on native-copper chalcocite occurrences have been 
concentrated on the mineralised areas and on the host rocks 
with the iesult that no depletion of the copper content of 
source rocks was observed. However, the genetic association 
of the native-copper chalcocite type copper concentrations 
with their host basalts had been postulated by Lindgren 
(1932), Cornwall (1956) and many others. Lindgren stated 
that the basalt copper is soluble in warm alkaline 
solutions at 200° to 250°C and was deposited in permeaple 
zones after leabhing from the basalts had occurred. No 
quantitative geochemical data had been obtained to support 
these associational inferences. The copper concentration 
for which published data are available on probable source 
rocks is the Cyprus copper concentrations. Govett & 
Pantazis (1971) demonstrated that the copper concentrations 
occur within basalts containing ~60 ppm copper and the 
basalts elsewhere in the region contain ~100 ppm copper. 
However, this may be an original regional variation, as 
those authors point outJ further work needs to be done 
befQre the significance of this is understood. The host 
rocks of these copper concentrations are probably oceanic 
tholeiites, and thus these deposits are not strictly 
comparable to the continental copper concentrations. 
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As pointed out in Chapter 5, the model developed 
is most directly applicable to the copper concentrations 
that occur within altered basalts and within sediments that 
overly altered continental tholeiites. It is evident that 
large faults, breccia zones or structural highs within the 
overlying sediments will be the loci for copper concentra-
tions. The model developed does not specifically require a 
"syngenetic" or "epigenetic" origin; a necessary 
prerequisite for sulfide deposition is the existence of a 
mechanism to reduce the mobilised sulfate sulfur or a 
mechanism to produce native copper. A sulfate-reducing 
mechanism is quantitatively more important because most of 
the copper minerals in the copper concentrations consist of 
sulfides. Anaerobic conditions within an epicontinental sea 
or lake would be expected to provide a more efficient or 
longer-lasting sulfide precipitating mechanism as a result 
of greater or continued buffering ability. A continued 
maintenance of a low oxidation state even though so4-- (and 
.Hso4-) ion is continually being supplied would cause 
precipitation of larger amounts of sulfides. Criteria such 
as gently transgressive contacts, or more intense 
mineralisat~9n in the vicinity of a faults and zonation of 
sulfides (e.q. within the White Pine copper concentration 
(Brown, 1971)) within various copper concentrations have 
been used as eyidence for an "epigenetic" origin. This 
evidence is ambiguous: it could equally as well represent 
"sulfide facies" changes, and faults represent the loci of 
the incoming aqueous phase from underlying altered 
cont~nental tholeiites; the faults within the sediments may 
result from reactivation of basement faults. Likewise the 
evidence.used by Garlick (1969) such as conformability of 
the sulfides to various sedimentary structures within some. 
of the Zambian copper concentrations to postulate a 
"syngenetic" origin is equally as ambiguous. The mechanism 
for zonation of sulfides within these copper concentrations 
occurs as a result of the interaction of factors such as 
q4anges in the concentration of the metal bearing aqueous 
phase, the activity of s--, the differing degrees of form-
ation (i.e. the ratios of the concentration of the metal 
ions bound up as a complex ion to the total concentration 
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of the metal ions) of the metal complexes, the solubility of 
the metal sulfides and temperature changes. However, the 
effect of temperature changes on sulfide precipitation and 
zonation may be slight relative to the other factors. 
Helgeson (1971) suggests that isothermal processes are 
quantitatively more important as metal-sulfide 
precipitators. 
Because all continental tholeiites occur within 
rifts or depressions within continental regions, associated 
sediments will include red beds and evaporites. The copper 
concentrations will thus be associated with evaporites, but 
in the light of the above, are not considered to be 
genetically associated with them. This is contrary to the 
inference of Davidson (1965). However, a necessary 
prerequisite for copper mobilisation is a sufficiently high 
oxidation state or low pH to cause solution of the basalt 
sulfides; for reasons pointed out in Chapters 2, 4 and 5, 
a relatively high oxidation state is the major cause of 
copper mobilisation. Thus the continental environment is 
also favourable for the genesis of the copper concentrations 
in that a higher oxidation state is more likely to be 
developed in the alteration-producing aqueous phase. This 
is a probable reason for the lack of stratiform copper 
concentrations within present day island arc tholeiites and 
associated sediments and withip the Archaean island~arc­
type tholeiites. Graphitic shales are present in both 
environments, and island arc tholeiites are as potentially 
favourable as source rocks for copper as are continental 
tholeiites. However, unaltered and altered island arc. 
tholeiites show a much lower degree of oxidation than do 
continental tholeiites. Within the Western Australian 
greenstone belts, the original iron-titanium oxides show no 
oxidation and sulfides are abundant within the tholeiites. 
Two of the largest known continental copper 
concentrations, the Zambian and the Kupferschiefer 
occurrences. show no distinct association with continental 
tholeiites. As pointed out in Chapter 5, this may be the 
result of the lack of documented observations in the case of 
the Kupferschiefer. The basement rocks within the Zambian 
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copperbelt contain large amounts of amphibolite and biotite 
schists, and as reference to Table 6.1 indicates, these coul~ 
be metamorphosed continental tholeiites. The occurrence of 
ripplemarked quartzites and conglomerates (Mendelsohn, 1961) 
and occurrences of potassic rhyolites and granites suggests 
that the amphibolites are metamorphosed continental 
tholeiites. The widespread occurrence of the amphibolites 
suggests that they are unlikely.to be altered alkali 
basalts. Furthermore. the similarity of some of the 8s 34 
values in the sulfides with those of the White Pine and Mt. 
Isa copper concentrations (Dechow & Jensen, 1965) and the 
occurrence of the Zambian deposits ~long two distinct 
lineaments suggest that the alteration model is probably 
applicable. The occurrenc~ of anhydrite within the sulfides 
(Dechow & Jensen 1965) indicates that the concentration of 
so4 -~ was locally high enough for anhydrite precipitation to 
occur before reduction to s occurred. Further work is 
necessary to determine the geochemistry of the amphibolites 
and biotite schists; such work should be aimed at determin-
ing whether regional copper depletion haloes exist in the 
vicinity of the copper concentrations. Because of the 
imprint of high grade metamorphism on all rocks in this area, 
"fingerprinting" of the original variations in the 
amphibolites and biotite schists would be difficult. 
The model demonstrates the shortcomings of methods 
which use metal ratios within ore deposits to determine.the 
source rock type. It is clear that the composition of the 
metal concentration will depend on the type of rock 
alteration which mobilises the metals, the behaviour of the 
metal complexes during transportation and deposition and on 
the original composition of .the source rock. As has been 
demonstrated by Helgeson (1971) , changes in various 
parameters (e.g. the pH) during ore deposition, may allow 
precipitation of one particular metal, e.g. copper, while 
zinc and lead are retained in solution because of the 
greater solubility of their sulfides and the greater 
stability of their chloride complexes. This type of control 
as well as alteration imposed restrictions on metal mobility 
is particularly applicable to the porphyry copper deposits; 
-, 
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the source rocks are generally potassium-rich andesitic to 
dacitic (in terms of Sio 2 content) rocks (shoshonites) and 
the unaltered equivalents·of these rocks generally contain as 
much zinc as copper (see below). However, within the 
Bathurst type (Canada) or Captain's Flat type (New South 
Wale$) ·zinc-lead-copper concentrations, within the Japanese 
Kuroko and the Archaean massive sulfide zinc-copper-lead 
concentrations, a broad correlation.between the associated 
rock types and the copper:zinc:lead ratios in the ore does 
occur. The concentrations which are associated with 
dominantly andesitic and dacitic rocks contain higher zinc 
and copper contents and lower lead contents, and those 
associated with dominant rhyolitic rocks contain higher 
zinc-lead and,lower coppet contents. This variation is 
pronounced in the Japanese Kuroko deposits (T. Watanabe 
2ers •. comm. 1971). The deposits associated with high-
potassium rhyolitic tuffs (continental or continental margin 
type) such as the Mt. Isa or Macarthur River occurrences 
consist of zinc and lead. These variations within the 
massive sulfide deposits correlates very broadly with the 
copper, zinc and lead contents of unaltered equivalents of 
the associated rocks. Island arc andesites contain an 
average· of.47 ppm zinc, .41 ppm cepper and 8 ppm lead 
(Taylor {1968) and references listed in Tables 3.2 and 3.7). 
Island arc rhyolite$ contain an average of 56 ppm zinc, 20 
ppm copper and 15 ppm lead and continental rhyolites contain 
an average·of 134 ppm zinc, 4 ppm copper and 43 ppm lead 
(Table 3 • 7) • 
Because continental tholeiites are.sometimes 
associated with potassium-rich rhyolites, zinc-lead concen-
trations may be associated with the continental copper 
concentrations4 The· best.example of this association.is the 
very large Mt~ Isa copper and ainc-lead concentration. The 
copper orebody is spatially and geochemically distinct from 
the zinc-lead orebodies~ A probable similar association may 
exist in the Kupferschiefer and in the north western or 
Kasai end of the ~ambian copperbelt. Continental rhyolites 
also occur without associated continental tholeiites in 
various. regions, and they tend to be associated with similar 
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crustal features as are continental tholeiites. In at least 
one area, the Macarthur River area,.and possibly two (~f the 
potassium-rich rocks of the Broken Hill area can be regarded 
as altered tuffs), rhyolites are. associated with stratiform 
zinc and lead occurrences. 
occur in these regions~ 
Copper concentrations do not 
6.1.2 Altered Continental Tholeiites and the Alteration 
Assemblp.ges 
The most reli~ble method of determining the 
original nature of altered lavas or spilites is by measuring 
the La/Yb ratio. This ratio is independent of the variation 
caused by the basalt alteration described and appears to be 
independent of sampling error, i.e. within and hetween lava 
flow variation of this ratio is· small relative to the 
differences between basalt types. It is evident that 
sampling error is likely to be higher if other inert 
component ratios are used, e.g. Ti/Zr. The La/Yb ratio serves 
to distinguish alkali basalts from continental tholeiites and 
distinguishes contine~tal tholeiites from oceanic and island 
arp tholeiites. 
In the light of the problems regarding the source 
of t~e copper of the Zambian copperbelt, it is nec~ssary to 
determine.which components are inert under conditions of 
higher grade metamorphism. The results of such a study would 
have economic applications. They could be used to determine 
whether variation in the copper content.of amphibolites and 
biotite schists is either a_primary·or secondary variation. 
If copper.depletion haloes are found, then the next step 
would be to look for suitable host. r~cks in the regions of 
copper depletion. 
Certain features of the alteration model (Chapter 2) 
require modification in the light of the factor analysis 
results. These results suggest that montmorillonite is a 
minor phase with respect to chlorite and albite, whereas the 
reaction path.ABCDEF requires that it be moderately abundant. 
The path would probably be more realistic if the interval CDE 
was shortened, and this would mean that the aca++ or the pH 
in the initial aqueous. phase would be. higher. The results of 
the factor analysis, cluster analysis and the comparison with 
unaltered continental tholeiites are generally consistent 
with the alteration model. The hot spring data suggested 
that K+ would be highly mobile and the comparative study 
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indicated that it had limited mobility only. Similarly, the 
comparative study indicated that the basalts have been 
depleted in silica and this indicates that the assumptions 
on silica saturation in the alteration model (Chapter 2) may 
have been incorrect. However, the results of the clustering 
methods and the R-mode factor analysis suggested that 
silica had a limited mobility: it shows a normal inverse 
correlation with MgO and total FeO in most cases. 
The validity of the comparative study rested on 
the initial assumption made: that nickel was inert during 
alteration. This assumption was based on hot spring data 
and inferences from ,the alteration assemblages. The 
similarity of the Al 2 o 3 , MnO, Cao, K2 o, Ba, Rb, Th, Zr, Y, 
V, Ga, U and total FeO contents of the altered basalts with 
those of unaltered continental tholeiites relative to other 
basalt types indicated that this initial assumption was 
correct. 
6.2 CONCLUSION 
The alteration m .1 er al as S'emblages within the 
Warburton b ealts were prcd ed by the eaction of an 
aqueous phase with ontinen al tholeiites basalts at 200 
to 300 C in a region of high geothermal gradient. The high 
oxidation state of the aqueous phase resulted in the 
mobilisation of copper su f ides from the Cassidy and Mission 
G up basalts, the sulfide sulfur being converted mainly to 
su fate sulfur. Copper within the iron-titanium oxides and 
si icate phases was not mobilised within the Cassidy Group 
basalts. Within the Mission Group, the higher oxidation 
state resulted in the conversion of the iron-titanium 
oxides to hematite, and this caused leaching or mobilisation 
f the cu 2+ originally contained within the oxide phases in 
the basalts. This leaching was most severe in places 
adjacent to zones of free circulation. The increasing 
activity of Fe++ within the circulating phase caused 
reduction of the mobilised sulfate to s--. The precipitation 
176 
of hematite removed Fe++ ions and caused the precipitation of 
copper-rich sulfides within the zones of free circulation. 
However~ most of the mobilised copper and sulfate ions moved 
out of the system. The pH changes in the reaction path were 
not effective in causing sulfide precipitation because of 
the high oxidation state. 
The basalts are altered continental tholeiites; 
Al 2o 3 , Tio 2 , MnO, MgO, F2o 5 , Th, Zr, Nb, Y, V, Cr, Ni, Ga and 
the rare earth elements were inert during alteration. cao, 
K2o, Ba, Rb, Zn, Pb and probably U and sio 2 had limited 
mobility only, whilst Na 2Q, Sr, Cu, S and Cl were highly 
mobile. The basalts have been depleted in Sr, Cu, S and Cl 
and have gained Na 2o. The upper Cassidy Group basalts 
contain the highest rare earth element, P 2o 5 , Th, Zr, Nb and 
Ba contents, and the Mission Group basalts contain the highest 
MgO, Ni, Fe 2o 3 , Na 2o contents. The sills are most similar to 
basalts interbedded with the rhyolites. The copper concen-
trations occur within rocks containing higher Na 2o, Fe 2o3 , 
MgO, Ni and Cl contents and lower Sio 2 , Cu and S contents. 
Both lead and zinc have been retained in various 
alteration phases, and in the vicinity of the copper concen-
trations most of the zinc has been transferred from the 
iron-titanium oxide ases to chlorite. Some of the chlorine, 
and some of the lead and copper may oc u within fluid 
inclusions. as chlorides and sulfates. 
Many continental copper concentrations overlie 
altered continental tholeiites; they have originated by 
precipitation of the mobilised copper as a result of reduction 
of the sulfate in a reducing environment or by precipitation 
of native copper as the result of redox reactions in an 
oxidising environment. The copper concentrations will not 
contain lead or zinc because of retention of these in the 
altered basalts; the copper concentrations may be enclosed 
by strontium enrichment haloes. Copper concentrations which 
do not show a distinct association with altered continental 
tholeiites are the Zambian and Kupferschiefer occurrences. 
Metal ratios in the metal concentrations do not 
serve as a reliable indicator of original source rock type. 
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APPENDIX I 
ROCK $AMPLING TECHNIQUES AND LIMITATIONS 
(1) Techniques 
Approximately 2 kg of rock was sampled in each 
case, care being taken to avoid rqck that was weathered or 
veined by alteration minerals. samples were placed in 
plastic bags to avoid contamination from other rock samples 
collected in the vicinity of copper concentrations. 
Selected 16 cm lengths of AX (3.25 cm dia.) diamond drill 
core, were scrubbed with,a nylon brush using distilled water 
to remove metal smears from drill bit matrix and traces bf 
sludge. 132 rock, samples were selected for analysis; the 
remainder (~200) were used to determine.distribution of the 
va~ious alteration mi~eral assemblages. 
(2) Limitations of Techniqµes 
The techni~ue of.outcrop sampling used is subject 
, 
t,o the shortComings listed U' Koch & Link ( 1971) ; as <10% 
of the Mission Group basalts and <40% of the Cassidy Group 
basalts outcrop, and as. this o~tcrop consists mainly of 
al tera ti on assemblages ( l) and ( 2} (p. 7) sampling bias and 
sa~pling error would be e~peoted to be severe. The bias 
introduced by sampling the three lithological types of lava 
(p.6) in the drilled areas of the Mission Group is 
indiqateq in Table Al. As the drilled area is not 
representatiye of.the Mission Group or Cassidy Group rocks, 
it was not possible to remove this type of bias for all 
samples by.weighting data. 
Nevertheless, the bias introduced by the sampling 
methods, is small, as it was not sufficient to obscure the 
marked similarity of the bulk composition of these rocks 
with.that of unaltered continental tholeiites (Chapter 3) 
the chance occurrence 6f this similarity through sampling 
bias would be. vanishingly small. 
A high sampling error for some components such as 
Na, K~ Ca, etc. would be expected as degree of rock 
alteration is markedly variable within individual flows and 
within individual samples. Inter~ and intra-lava flow 
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comparisons would be subject to this error. Nevertheless, 
it is possible to estimate whether a small sampling error 
for a particular variable does exist. If this variable is 
plot4ed against an independent variable such as depth 
(either within individual lava flows or within the lava 
sequence) on a scatter diagram a small sampling error is 
indicated if the points fall on or approximate any smooth 
curve. The probability of this occurring by chance for 
variables with a high sampling error is very small, 
provided a sufficient number of points are plotted. If the 
points do not approximate a smooth curve, no conclusion can 
be drawn regarding sampling error. This test will not 
necessari;Ly.be valid for plots of major or trace elements 
as variables; geochemical coherence between element pairs 
(e.g. K-Rb) and the artifically high correlation between 
elements caused by rock compositions summing to 100% will 
not be affec4ed by sampling error. However, this test 
could not be applied in this study. 
Table Al 
Lithological composition of basalts.and sampling bias 
Rock Mission Group Cassidy 
type % basalt % of samples % outcrop % .of samples % outcrop % in D,D.H. 
fragmental 7 15" 5 35 15 25 
amygdaloid 
amygdaloid 16 42.5 10 30 50 
uniform f .g. 77 42 55 55 25 
to m.g. 
flow core 
Group 
of samples 
6 
44 
50 
I-' 
~ 
~ 
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APPENDIX 2 
STATISTICAL METHODS 
1. U Test or Wilcoxon Test 
The u test (Freund 1962) is a simple statistical 
test applied to populations with non-normal distributions. 
For the test, the null hypothesis H0 , that the two lineament 
samples (i.e. non-copper bearing and copper-bearing) come 
from an identical population is tested against the 
alternative hypothesis HA that they come from different 
populations, i.e. µ 1 t µ 2 where µ = population mean. 
u = 
The test is based on the statistic 
R 
n=l 
R where R= ranks occupied 
n 1 individuals of first 
sample, n 1 ; 2 = sizes of 
respective samples. 
and when n 1 and n 2 are both >8, the statistic 
z = 
n 1 n 2 (n 1 +n 2 +1) ~,, [ ] ~ 
12 
has an approximate standar~ normal distribution, and the 
critical regions of size ~ (oc = level of significance or 
probability o~ comitting a type I error) are 
Z ~ - Zoc; Z > Zoc and Jzl ~ Zoch Here oc is 0.05. 
by 
As groups of lineaments in the individual samples 
have the same or similar trends, the assignment of ranks to 
these was carried out by 
or 
(1) averaging the ranks which are jointly 
occupied and assigning the mean to each 
observation 
(2) assigning a random number to each then 
arranging in order of assigned random 
numbers. 
Method (2) is more likely to produce an unbiased 
result as it would minimise bias produced by measuring 
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errors and errors caused by unco~rected air photo 
distortion. 
Method (1) gives jzj = 2.79, and (2) gives 
lzl = 2.43 and H0 is rejected as z0 . 025 = 1.96. 
,, 
2. Pifferences between means and variances 
The significance of.differences between pop~lation 
means and variances were determined using the appropriate 
smaJ,l, sample tests (t tests), and fo:t: large samples,values 
of the standard normal variable z were used to determine 
significance of differences. A 95% level of significance 
was used in every case except where, ;i,nclicated. 
The significance of differences between variances 
were tested using the F distributioh. 
3. Multivariate Methods 
The cluster analysis was performed by using a 
polythetic a~glomerative classification using a combinatorial 
st:i::-ateg:y. The similarity measure. used is a standardise<tr 
squared Euclidean distance between samples in m dimensional 
space (m =,iQ• of variables). 
weights the'j'raw data equally. 
This method was used as it 
The effects of data closure 
introducing unequal weighting to variables would be. 
expected to be small because.of the small variance of Sio 2 , 
t:Qe major comJ!>onept. The differences between the defined 
groups were then determined by comparison of the relative 
differences between group means of the individual variables. 
The programs used for this were the CSIRO Multclas 
and Grouper classification programs. The methods used are 
·described by eurr (1968) and Lance et al. (1968). The 
Q-mod~ principal component analysis was performed using the 
CSIRO programs Gowecor and Gower. The R-mode principal 
component and factor analysis was performed using the 
CSIRO programs Factoran and Promax~ 
APPENDIX 3 
AN~LYTICAL METHODS AND DETERMINATIVE METHODS 
3.1 IDENTIFICATION PROCEDURES 
1. Alteration Mineral Assemblages 
Alteration mineral assemblages were identified 
using a combination of optical and X-ray diffraction 
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techniques. It was not possible to distinguish the different 
chlorites an~ intergrown phyllosilicates; the intergrown 
phyllosilicates in the Cassidy Group presented the greatest 
problems of identification. 
2. Sulfide Minerals 
Copper- and copper -iron sulfides were identified 
using the above techniquei in conjunction with microchemical 
techniques. Diffraction data for djurleite chalcocite 
intergrowths are presented in Tab~e A2. It was not possible 
+ o. to determine the a-cell edges of the bornite to <-0.03A, the 
level of precision required to distinguish· sulfur-rich 
types from normal bornites; the samples produced 
moderately diffuse lines. The bornites were annealed at 
-~, 
150°c!20°c for two days in a. sealed container (to prevent 
oxidation and a subsequent appearance of chalcopyrite) to 
determine whether sulfur~ich bornites were present. 
3.2 ANALYTICAL TECHNIQUES 
Individual rock specimens were reduced to "nut" 
sized fragments in a jaw splitter, and these were ground in 
a tungsten carbide Siebtechnik swing-mill. 
reduced by successive splittings to 200 g; 
The powder was 
this was 
reground to a fine powder. Contamination of the sample with 
tungsten and cobalt is caused by this procedure of sample 
preparation. Mixing errors introduced by this procedure are 
discussed below. 
All samples were analysed in duplicate for major 
and trace elements apart from H2o+, H2oT, and co 2 . 
d 
6.50 
5.98 
5.95 
5.02 
4.99 
4. ;I..5 
3.89 
3.75 
3. 72 
3.68 
3.66 
3.64 
3.59 
3.48 
3.38 
3.36 
3.28 
Table A2 
Chalcocite-djurleite d-spacings 
I d I d 
3.19 2.32 
3.11 2.29 
3.03 20 2.14 
3.09 20 2.07 
3.00 2.06 
2.89 2.05 
2.86 1. 98 
2.82 20 1.961 
2.78 1.867 
2.71 1. 712 
2.66 1.694 
2.59 1.691 
2.56 1.689 
2.52 1.68.0 
20 2.47 1.664 
2.43 1.643 
2.39 60 1.514 
I 
100 
80 
50 
50 
50 
50 
50 
Note: Fused silicon was used as an internal standard 
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(1) Si, Ti, Al, Mn, Mg, Ca, K, P, total Fe 
These elements were determined on an automated 
Philips PW1220 X-ray spectrometer. The technique of Norrish 
& Hutton (1969) was used, involving fusion of the sample with 
lithium tetraborate flux into glass discs. Operating 
conditions are summarised in Table A3. Precision and 
accuracy of the technique has been discussed by Norrish & 
Hutton (1969). Coefficients of variation (£%) due to 
counting errors and lower limits of detection {3 olevel) in 
BCR-1 and GSP-1 are in Table A3. The coefficients of 
variation and lower limits of detection were calculated 
using the expressions 
+ 
loo 2 y2 (-T-1) ] 
mp 
and lower limit of detection by 6[~]~ respectively where T 
is"'c61.inting time, m is counts sec- 1 %-1, p is concentration 
(%) in sample and pl is apparent concentration in the ratio 
standard. These were derived from the appropriate 
expressions presented by Norrish & Chappell (1967). 
(2) Trace Elements 
These were determined on the X-ray spectrometer 
using the techniques of Norrish & Chappell (1967) and 
Chappell et al. (1969). Operating conditions are summarised 
in Table A3. Precision and accuracy have been discussed by 
Norrish & Chappell (1967) and Chappell et al. (1969). 
Trace element concentrations measured in BCR-1 and W-1 and 
lower limits of detection on Warburton rocks are in 
Table A4. The lower limits of detection and coefficients 
of variation due to counting errors were calculated using 
the expressions 
1/2 " l 0 0 [ 2 • A 5 ] [ 2 B • A • q + K p] ll,, 
T~Kp E% and 
6 ~ 
lower limit of detection -[A A B]2 where As is sample K s q 
absorption coefficient, Aq is quartz plank absorption 
coefficient, B is background count rate, K is a constant, 
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Table A3 
X.R.F. Operating Conditions 
£% Lower limit of Element Analytical Target Analysing Collimator Detector Absorption BCR-l GSP-l detection Line Crystal Coefficient (3o) oxide 
oxide % % 
Si02 K a Cr PE(200) Coarse*** Flow .14 .13 .016 
Ti02 " LiF(200) " " .14 .23 .oo~ 
Al203 " PE(002) " .26 .25 .013 
l:Fe2o3 " VI LiF (200) " .13 .21 .007 
MnO " .48 l.04 .003 
MgO Cr ADP (110) " l.17 2.17 .092 
cao " LiF(200) .ll .17 .002 
K20 " .18 .ll .001 
P205 " Ge(lll) .95 l.15 .006 
so3 " .007 
ppm Wl ppm 
Ba LJ31 W,Au LiF(220) " Fe .29 • 76 2.5 
Rb K Mo LiF(200) Fine*** Scintillation Rb .48 .91 .5 
a 
Sr " Coarse Sr .16 .21 .6 
Th Lal Fine .. Rb 6.87 18.28 l.8 
Zr Ka w LiF(220) Coarse Sr .'29 .45 l.8 
Nb " Fine 4.65 8.65 l.5 
y Mo Coarse .43 .64 .3 
La Lal w " Flow Fe l.65 4.22 l.l 
Ce L131 w LiF(200) Fine 3.09 7.13 4.7 
Pr Lal .. LiF (220) Coarse 6.50 16.18 1.4 
Nd L131 " " 4.26 ll.32 3.1 
v Ka Fine .32 .41 .8 
Cr LiF(200) .60 .52 l.l 
Ni Au " Coarse Scintillation Zn 8.89 l.19 l.8 
Cu 
" 2.98 .62 l.2 
Zn " " .53 ;67 l.l 
Pb L131 Mo Fine Rb 4.56 7.31 l.9 
Ga Ka Coarse " Zn l.88 2.18 l.O 
u Lal LiF(220) Fine ~ Rb 40.21* 78.52* 2.1 
s Ka Cr Ge(lll) Coarse Flow••· 3.0 4.0 
Cl K 
"**"' l.4 2.0 
* 1600 seconds counting time ** Ar-cH4 gas mixture *** Coarse 450 I Fine 150 µ µ 
Ba 
Rb 
Sr 
Th 
Zr 
Nb 
y 
La 
Ce 
Pr 
Nd 
v 
Cr 
Ni 
Cu 
Zn 
Pb 
Ga 
u 
Cl 
s 
Table A4 
Trace element analyses of BCR-1, Wl 
and lower limits of detection 
Lower limit of detection 
BCR-1 W-1 Warl;>urton Rocks 
Basalts Rhyolites 
715 164 2.5 2.4 
46.6 21. 3 0.6 0,5 
327.5 190 0.7 0.6 
6.6* 2.4* 1. 4 1. 2 
187 90 1. 8 1. 5 
11 5.8 1. 5 1. 2 
33 20 0.3 0.3 
28 9.8 1.1 1.1 
56 23 4 .5 4.4 
7. 3 2. 9 1. 3 1. 3 
125 9.3 3. 0 2.9 
372 239 0,8 0.8 
13 109 1.1 1. 0 
7 70 1. 8 1.5 
15 106 1. 2 1. 0 
125 88 1.1 0.9 
15 9 1. 9 1.6 
21 17.6 1. 0 0.8 
1. 6* 0.9* 2.2 1. 8 
84 258 2.0 2.0 
4.0 
Note: *3200 seconds counting time 
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p is concentration in parts per million and T is total 
counting time on peak and background. Spectral interfer-
ences raise the i,,ow:er limit of detection slightly from 
those shown in Tables A3 and A4, particularly for Ba in 
samples with high Ce or for Cr in rocks with high V 
contents. 
Sulfur and chlorine were determined using similar 
sample preparation techniques; freshly prepared samples of 
analysed biotites and amphiboles supplied by Dr. K. Norrish 
were used for chlorine calibration. 
Sulfur was determined using BCR-1 as a standard. 
This was selected because its composition is similar to the 
Warburton basalts. The median value of all published 
sulfur determinations (400 ppm) was used for standardiz-
ation: 
cps-1; 
this gave a calibrating factor of 6.5 (6.5168) ppm 
the chlorine calibrating factor was 3.8 ppm cps- 1 . 
Runs were carried out on freshly prepared samples. 
The lower limit of detection (3 a level) is given 
. . 6 Cb Ya. by the expression M[T] where Cb is background count rate 
and T is total counting time and the coefficient of 
variance given by the expression 
lOO [2(2Cb +mp)]~. 1 
T mp 
(3) Rare Earths 
The rare earths were determined on an A.E.I. M.S.7 
model mass spectrometer using the technique of Taylor (1965, 
1971). Accuracy and precision of the method have been 
discussed by Taylor (1965). Results for La, Ce, Pr and Nd 
obtained and those determined by X-ray fluorescence (XRF) 
are shown in Table A5. A t-test indicates the methods are 
identical at the 95% confidence level for La, but are 
significantly different for Ce, Pr and Nd. MS7 results for 
these elements are 5-15% higher than the XRF results. The 
higher correlations between the geochemically coherent 
elements determined on the mass spectrometer (TabLe 3.6) 
together with the lower limits of detection indicate that 
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Table AS 
Comparison of XRF and MS-7 dat~ 
La Ce Pr Nd 
Sample 
XRF MS-7 XRF MS-7 XRF MS-7 XRF MS-7 
CR38 110 98 249 257 27 25.9 98 94.5 
CR68 119 .123 272 312 32 37.7 108 128 
C61 7 11 1·8 27 - 3.6 9 15 
C94 11 15 28 .. 39 3 4 15 18 
Cl04 37 42 91 120 9 14 33 53 
Cl09 39 37 94 105 10 13 37 49 
Ml93 15 14 34 40 3 6 22 20 
M222 16 16 43 46 5 6 21 26 
C294 78 71 175 194 20 22 78 82 
M31 23 24 47 56 4 7 18 28 
C303 $3 87 n.d. 22 17 24 60 78 
2.410 18 19 43 52 5 9 19 32 
8.340 15 15 37 40 5 6 20 23 
9.192 15 18 39 46 4 6 19 23 
n.d. = not determined 
this method is more precise than the XRF methods for 
determining the REE in low concentrations. 
(4) co 2 , 
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Carbon dioxide and H2 o+ were determined by heating 
0.4 to 1.0 g of sample for 30 minutes at 1100°C in a tube 
furnace in a stream of dry co 2-free air. Air was used to 
restrict possible water dissociatLon by redox reactions in 
the chlorite rich samples. The water and co 2 were absorbed 
in microabsorption tubes containing phosphorus pentoxide 
and Pcarbosorb" soda asbestos. H2o was determined by 
measuri~g weight loss of samples after heating for two 
hours at 110°C. Precision was obtained by repeating 
determinations ten times on two samples, and this is shown 
in Table A6. 
(5) Sodium 
Sodium was determined on a Baird double-beam flame 
photometer using an air-propane flame and lithium internal 
standard. This is similar to the technique of Cooper 
(1963). Mean difference between duplicate determinations 
was 0.033%, with a standard deviation of 0.025%. 
(6) Ferrous Iron 
Ferrous iron was determined by dissolving the 
sample in hydrofluoric acid in the presence of excess 
ammonium metavanadate. Remaining vanadic ion was titrated 
against ferrous ammonium sulfate solution previously 
standardised against B.D.H. standard eerie sulfate solution. 
Ferric iron was determined by difference. Mean difference 
between duplicate determinations was .064%, with a standard 
deviation of 0.057%. 
3.3 SUMMARY OF EXPERIMENTAL ERRORS 
The precision levels determined from XRF counting 
statistics are clearly theoretical levels; manipulative 
errors (e.g. weighing errors) for major element and mass 
absorption coefficient determinations would decrease 
precision levels. The co 2 and e 2o determinations are the 
Table A6 
Precision of C02 1 H2 o determinations 
I 
co 2 H O+ 2 
Sample 
Mean Std.Error* 
€% Mean Std. Error £% Mean 
1 1. 66 .067 6.8 6.12 .089 2 . .5 0.34 
2 2.75 .221 11. 7 3.31 .026 1.2 0~40 
*Expressed at th.e .9.5 confidence level or 1~96cr 
-H2 o 
Std.Error 
.025 
0.46 
E% 
12.9 
16.5 
~ 
0 
tn 
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least precise, particularly for rocks with high carbonate 
content. A comparison of experimental error variance and 
total variance of co 2 shows that the former is ~2% of the 
total variance. Similarly, maximum precision levels for 
elements either present in low concentration, e.g. Th, U, 
Pr, Ga or for those with low variance, e.g. Ti, Mn and P 
are 1% to 3% of total variance. The standard deviations of 
individual variables are shown in the appropriate tables in 
Chapter 3. 
The expression used to calculate analytical 
precision was used to calculate theoretical agreement 
between duplicates at the 3 cr level. For niobium, 18% 
displayed differences gr~ater than the calculated values, 
and as the level of confidence of the limits are 99.97% it 
can be assumed that mixing errors are the cause of these 
discrepancies. Actual differences above the 3 cr level 
ranged from 0.2 to 1.5 ppm, with a mean of 0.5 ppm. As the 
niobium concentration in the basalts is low (13.6 ppm 
average with a variance of 107.2) contribution of mi~ing 
errors to total variance is insign~ficant, and would be 
negligible for other trace elements present in greater 
concentrations in silicate phases. 
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,APPENJDIX 4 
GE;OCH:E;MICAL DATA 
The compasition of the altered basalts is shown 
in Table A7. The REE composition of selected basalt 
samples and composition of the sediments in the diamond 
drill holes are $hown in Tables 3.4 and 3.15 respectively. 
The A.N;,.,tlc. Geelogy Department rCil>ck collection numbers 
corresponding to the ~amples are shown in Table Alo~ 
Table A7 
Major Elements 
samg;e Rh""lit-... s Rl6 Rl8 R34 R38 R40 R48 R67 R68 R71 R81 R85 
Si02 73.14 71.28 69.66 70.19 70.68 69.43 71.14 70.84 73.65 74.93 71.68 
Ti02 0.27 0.42 0.61 0.61 0.48 o.58 0.33 0.39 0 •. 27 0.25 0.33 
Al203 12.06 12.39 12.49 12.50 12.48 12.30 12.57 12.90 11.70 11.26 12.46 
Fe2o3 1.74 4.05 3.27 3.18 2.84 2.91 2.07 2.68 2.14 2.33 2.83 
FeO 1.50 0.34 1. 71 1.74 1.21 1.99 1.96 1. 71 1.32 . 0.71 1.15 
MnO 0.12· 0.06 o.oa 0.10 0.09 0.11 0.12 0.08 0.09 0.02 0.07 
MqO 0.33 0.31 0.49 0.50 0.26 0.53 0.28 0.20 0.33 0.08 0.21 
CaO 0.73 0.65 1.7i l. 71 1.32 1.83 1.34 0.87 0.75 0.42 1.13 
Na2o 3.33 3.60 3.87 3.63 3.90 3.39 3.12 3.89 3.03 2.63 3.95 
K20 5.16 5.20 4.77 4.60 4.82 4.80 5.60 5.00 5.74 6.01 4.89 
P205 0.01 0.06 0.11 0.13 0.09 0.12 0.04 0.06 0.03 0.03 0.03 
H2o+ 0.38 0.39 0.25 0.45 0.58 0.50 0.63 0.62 0.23 0.47 0.26 
H o-2 0.10 0.11 0.04. 0.06 0.10 0.09 0.12 0.15 0.14 0.16 0.23 
co2 0.33 0.18 0.33 0.26 0.24 0.82 0.33 0.10 0.02 0.20 0.40 
Total 99.20 99.05 99.40 99.68 99.34 99.40 99.65 99.48 99.44 99.51 99.64 
EFeO 3.06 3.98 4.65 4.61 4.51 4.61 3.82 4.12 3.24 2.81 3.70 
ppiil Cl 19 23 24 18 17 21 28 22 17 18 16 
ppm S 
Depth(m) 3887 4081 5616 5254 5152 5229 4734 4366 3938 3800 3622 
position 
in lava 
flow 
Note: Diamond Drill Hole Samples written thus: Hole No. Depth; e.g. 8.496. 
Sills 
R307 524 S29 Sl44 
69.81. 46.36 49.20 47.11 
0.61 2.13 2.55 2.39 
12.56 13.64 12.92 13.92 
3.27 1.85 3.17 1.53 
1.51 11.43 10.77 11.42 
0.09 0.19 0.22 0.20 
0.60 7.35 5.34 6.21 
0.98 10.70 8.22 8.89 
2.99 1.15 1.04 1.80 
6.15 o. 72 l:.83 1.42 
0.12 0.34 0.40 0.38 
0.48 3.44 4.10 3.52 
0.08 0.13 0.23 0.17 
0.19 0.42 0.10 0.67 
99.45 99.90 100.09 99.73 
4.45 13.09 13.62 12.80 
19 21 21 19 
941 298 971 
4336 2576 2244 2372 
9.168 9.193 
47.32 47.56 
1.82 1.78 
16.43 17.36 
4.88 3.08 
6.97 7.01 
0.19 0.21 
6.46 . 6.24 
8.43 7.09 
2.76 3.41 
0.83 1.39 
0.36 0.34 
2.19 2.96 
0.56 0.59 
0.15 0.34 
99.36 99.38 
11.36 9.78 
109 123 
870 870 
9.297 
47.:35 
1.81 
16.90 
5.40 
. 6.83 
0.16 
5.56 
8.57 
2.94 
0.93 
0.33 
2.21 
0.61 
0.13 
99.77 
11.70 
84 
870 
IV 
0 
ro 
Table A 7 : Major Elements 
Sample I Cassidy Group 
N c61 c64 c65 c91 c94 ciol cio4 cio8 clo9 c111 cl16 c117 c118 c123 c125 c128 c13o c26o o. 
\ 
Si02 147.10 47:1S 49.04 43.99 48.12 4S.76 47.27 44.80 49.46 42.32 39.67 44.Sl 42.90 47.02 SO.SS Sl.Sl 4S.04 44.27 
Ti02 
Al203 
Fe2o3 
FeO 
MnO 
MgO 
cao 
Na2o 
K20 
1.71 1.80 l.S8 2.06 1.78 2.71 3.37 3.23 2.94 2.77 2.2s 2.92 4.26 3.3S 1;9S 2.7S 2.92 2.72 
17.22 16.69 16.32 13.79 12.48 lS.41 12.61 14.09 13.32 lS.18 ll.4S 14.43 13.22 13.24 14.34 11.64 14.31 14.S3 
4.76 3.4S 4.0S 9.71 6.62 9.72 12.91 9.78 11.78 12.03 S.66 8.08. 10.73 9.03 8.22 4.36 3.98 9.14 
6.78 8.06 7.lS 3.S8 3.98 2.92 2.41 S.69 2.68 3.04 S.09 S.92 6.11 S.90 3.lS 7.91 8.21 6.Sl 
P20S 
HQ+ 
2 
H20-
co2 
0.16 0.15 0.20 0.20 0.18 0.16 0.15 0~21 0.13 0.17 0.27 0.17 
5.21 6.24 5.29 8.91 6.83 3.7S 3.5~ S.63 3.08 5.03 4.86 6.91 
11.14 7.91 8.85 10.16 8.10 9.31 9.28 9.30 7.66 11.62 13.55 6.67 
2.57 2.12 2.14 1.93 3.33 3.58 3.10 1.69 4.54 2.74 3.0S 2.96 
0.64 1.07 1.18 0.75 0.30 1.09 O.S2 0.91 0.32 0.62 1.69 1.47 
0.11 0.11 0.20 o.3o 0.21 _o.66 o.87 o.82 o.76 0.62 o~s6 o.69 
3.30 3.89 3.S4 0.45 3.0S 2.65 1.81 2.88 1.76 2.S9 2.60 3.60 
0.22 0.09 0.18 0.09 0.18 0.14 0.10 0.24 0.16 0.29 0.19 0.13 
0.11 0.66 0.04 3.66 4.16 1.67 1.27 0.26 0.71 O.S9 8.67 0.87 
0.21 0.16 .0.16 0.18 0.16 0.21 
4.38 4.25 2.79 6.42 5.01 5.78 
8.28 7.50 6.61 7.14 6.43 8.99 
1.90 1.89 s;44 3.73 2.45 1.91 
2.76 2.23 l.OS 0.66 3.46 1.12 
1.48 1.16 0.30 1.38 0.89 0.85 
3.09 3.10 1.80 2.46 3.58 3.32 
0.12 0.23 0.11 0.11 0.00 0.13 
0.01. o.so 3.00 0.75 2.59 0.02 
TOTAL 101.09 99.47 99.75 99.S8 99.39 99.SS 99.20 99.53 99.32 99.65 99.57 99.3S 99.42 99.57 99.S4 101.06 99.11 99.49 
tFeO 111.06 11.17 10.79 12.32 9.93 11.67 14.02 14.48 13.28 13.87 10.18 13.19 lS.76 14.02 10.55 11.83 11.79 14.73 
ppm Cl 13 14 15 17 20 37 17 32 43 24 28 30 
ppm s 100 67 124 19 49 so 70 15 342 28 111 lS 
Depth(m) 4734 4S04 4499 3530 3484 3458 3428 326S 3290 32S4 3112 3086 
position 
in lava I fc fc fc fem aft fe ftm fe ftm fem ft f.cm 
flow 
52 51 15 49 49 29 
125 24 36 59 48 17 
3147 2968 2933 2857 2755 3816 
ft fe aft fem fe fem 
N 
0 
l.D 
Table A 7 : Major Elements 
Si02 
Ti02 
Al203 
Fe2o3 
FeO 
MnO 
MqO 
CaO 
Na20 
K20 
P205 
H o+ 2 
Ho-2 
co2 
51.52 42.42 44.15 51.86 43.12 44.33 50.56 50.32 
2.41 3.09 3.75 2.68 3.33 3.39 3.25 2.74 
12.39 15.18 13.51 11.76 13.30 13.99 12.80 13.14 
12.42 8.87 9.35 11.50 9.02 7.56 7.60 5.26 
1.62 5.87 5.66 3.02 5.58 7.78 6.23 7.23 
0.14 0.18 0.22 0.10 0.16 0.21 0.11 0.15 
1.94 7.45 4.04 2.71 3.93 5.05 3.14 5.62 
14.40 8.25 9.45 7.97 8.78 9.52 6.47 5.26 
0.04 2.14 2.64 4.44 4.75 1.67 4.71 3.86 
0.05 2.89 2.07 1.04 0.89 1.05 1.18 0.97 
0.58 0.74 1.77 0.79 1.00 .l.38 1.23 0.66 
1.87 3.10 2.41 0.91 2.46 . 3.29 1.84 3.20 
0.06 0.14 0.16 0.10 0.14 0.17 0.12 0.12 
0.62 1.23 0.90 0.69 3.24 0.22 0.23 0.87 
46.75 46.25 46.86 47.97 46.59 
3.14 2.85 2.99 2.26 2.12 
34.52 45.86 36.32 44.41 44.41 
1.62 3.01 1.66 2.48 1.89 
13.86 15.16 14.09 12.39 13.16 10.58 12.29 10.78 14.40 15.26 
8.00 13.44 6.90 10.44 9.67 14.54 12.36 12.19 11.53 13.30 
7.00 2.42 7.88 3.91 2.91 1.96 3.82 0.99 3.24 1.80 
0.25 0.17 0.25 0.27 0.18 0.19 0.17 0.15 0.16 0.14 
5.16 4.58 5.41 3.92 4.10 2.29 4.54 2.43 4.07 2.78 
6.74 5.67 6.93 10.09 11.39 15.82 8.65 16.51 11.47 10.52 
3.32 5.24 2.85 4.50 4.02 5.07 3.83 5.35 2.55 4.62 
1.57 0.58 1.85 ·0.26 0.76 0.04 0.87 0.25 1.75 0.36 
0.52 0.46 0.51 0.45 0.35 0.39 0.45 0.35 0.39 0.38 
2.51 2.53 2.58 2.71 2.20 2.22 2.72 1.37 2.78 2.24 
0.53 0.34 0.39 0.26 0.33 0.19 0.29 0.32 0.37 0.47 
0.24 0.27 0.21 0.31 2.64 11.15 0.72 11.41 0.15 1.75 
TOTAL 100.08 101.54 100.10 99.60 99.70 99.61 99.49 99.42 I 99.59 99.97 99.71 99.74 100.43 100.58 99.58 100.06 99.77 99.92 
EFeO 112.80 13.85 14.07 13.37 13.69 14.58 13.07 11.96 I 14.20 14.51 14.68 13.31 11.61 15.04 14.94 11.95 13.61 13.76 
ppm Cl 
ppm s 
26 
39 
29 
93 
72 
38 
26 
115 
44 
49 
56 
29 
30 
179 
].7 
165 
Depth(m) 13754 3703 3622 3494 3443 3367 3341 3265 
position! fc 
in lava 
flow 
fem fem ftm ft fem aft aft 
84 
124 
109 
91 
110 
57 
130 .. 
35 
79 . 263 
97 489 
82 
368 
1530 1020 1505 1250 1464 434 1464 
fc fem fc ftm ftm ft fc 
162 
171 
87 
44 
459 1352 
aft fc 
133 
48 
459 
fc 
IV 
I-' 
0 
Si-02 
Ti02 
Al203 
Fe2o3 
FeO 
MnO 
MgO 
. cao 
Na20 
K20 
P;iO~ 
H20 
Ho-
2 
,co2 
TOTAL 
tFeO 
ppm· Cl 
ppm s 
Depth(m) 
Table A7 : Major Elements 
-Mission Group 
M47 Ml78 Ml83 Ml85 Ml86 Ml93 M205A M205B M210 M217 M220 M222 M229 M266 2.194 2.297 2.410 3.352 
41.80 47.50 38.60 44.32 44.88 38.31 46.87 38.81 
1.43 2.67 2.21 2.84 2.28 2.56 2.07 1.87 
12.21 14.87 15.05 15.08 15.72 15.62 15.32 15.43 
.13.34 11.74 12.93 5.05 ll.81 12.24 
0.38 3.21 2.13 8.98 l.86 2.00 
0.06 
o.66 
13.21 
6.65 
O.ll 
0.25 
l.ll 
0.18 
9.21 
0.17 0.11 
4.67 2.47 
6.o5· 22.21 
2.67 0.12 
3.04 0.03 
0.54 0.36 
2.07 3.59 
0.32 0.20 
0.10 0.26 
0.25 
7.09 
0.16 
4.67 
0.10 
2.69 
7.13 10.65 22.32 
3.34 4.21 0.40 
0.86 0.03 0.04 
0.45 0.39 0.42 
3.46 2.84 3.17 
0.37 0.26 0.33 
0.48 0.20 0.52 
7.76 9.06 
6.23 l.89 
0.20 0.12 
4.62 3.22 
7.62 23.06 
3.38 0.08 
1.93 0.03 
0.44 0.33 
2.36 4.30 
0.36 0.37 
0.33 1.16 
45.37 44.53 49.98 46.73 57.1.17 46.45 42.44 46.57 48.26 41.97 
2.47 2.59 2.44 2. 73 1 •. 91 2. 72 2. 72 2.13 2.12', 2.45 
15.29 15.40 13.85 13.38 13.12 14.53 16.41 14.56 14.73 16.22 
11.73 9.80 13.31 10.93 
2.86 5.00 l.08 3.32 
0.16 0.25 
5.66 6.75 
5.99 7.45 
3.74 2.59 
2.31 0.89 
O.ll 
1.85 
0~23 
3.14 
7.87 12.40 
4.94 3.92 
l.14 o.7s 
0.37 0.40 0.40 0'.45 
.2.s0 3.96 2.44 1.01 
0.39 0.35 0.23 0.27 
o.85 l.336 0.96 0.10 
9.10 
1.77 
4.69 13.21 8.16 8.42 13.96 
9.33. 1.56 4.91 4.86 1.45 
0.13 0.25 
1.99 5.65 
3.94 7.18 
4.91 3.05 
2.07 . l.36 
0.35 0.46 
1.07 3.47 
0.10 0.24 
0.97 0.33 
0.09 
3.80 
6.14 
2.38 
4.42 
0.43 
3 •. 11 
0.56 
2.60 
0.24 
6.44 
5.38 
4.36 
l.60 
0.43 
4.00 
0.40 
0.90 
0.17 
6.25 
3.79 
4.69 
l.55 
0.40 
3.47 
0.40 
0.41 
0.20 
5.18 
8.60 
4.18 
0.41 
0.36 
4.22 
0.27 
0.64 
100.60 '100.22 100.27 99.69 99.95 100.73 99.51 99.73 99.88 101.21 100.58 99.96 98.90 99.90 99.89.100.08 99.52 100.14 
12.39 13.78 13~76 13.52 12.49 13.0l 13.22 10.04 13.41 13.82 13.06 13.16 
138 so 107 72 82 98 148 125 106 62 113 138 
103 12 158 25 69 . 43 60 194 126 37 57 31 
434 1327 1225 1173 1240 1112 1110 765 1224 1367 1418 1444 
9.95 ~3.55 13.45 12.26 12.43 14.0l 
18 116 74 
49 17 29 
1656 3816 1020 
156 147 
30 
1020 1020 
position I aft 
in lava 
fc fem ft fem fc fc fc fem fc fem ft fem ft fc fc 
199 
100 
954 
aft 
flow 
N 
I-' 
I-' 
Si02 
Ti02 
Al203 
Fe2o3 
FeO 
~o 
MqO 
cao 
Na20 
K20 
J?205 
H o+ 2 
H20-
co2 
TOTAL 
t FeO 
ppm Cl 
ppm S 
Pepth(m) 
position 
in lava 
flow 
Table A7 : Major Elements 
Mission Group 
4•440 4.464 4.523 5.331 5.385 5.389 5.4.52 5.499 5.515 5.545 . 5.572 6.273 6.385 6.394 6.401 6.554 7.569 8.196 
42.14 45.36 41.50 42.11 46.11 45.49 · 45.64 45.81. 45.37 42.53 44.80 44.95 50.83 46.92 42.04 45.09 45.39 40.59 
2.45 3.01 3.l.l 2.37 2.50 2.55 2.50 2.58 2.97 2.35 · 2.46 2.55 2.69 1 .• 51 2.12 2.51 2.43 2.29 
13.97 14.19 14.67 14.38 14.31 15.11 15.28 14.91 14.35 14.73 15.28 14.88 15.75 13.67 12.65 15.86 15.72 14.32 
8.68 10.70 11.09 12.05 l.3.68 13.11 11.11 12.00 11.53 14.74 11.23 13.00 10.00 12.17 14.10 7.61 11.89 14.20 
7.30 4.05 6.00 2.99 2.05 l.98 2.36 3.81 3.79 3.51 4.01 2.47 0.96 0.90 1.36 5.39 2.54 3~59 
0.12 0~16 0~30 0.21 0.19 0.19 0.19 0.23 
9.83 
3.34 
0.62 
l.65 
0.62 
6.25 
0.25 
4.64 6.12 
6.25 6 .• 07 
4.98 2.71 
0.50 2.29 
0.82 0.87 
3.36 4.08 
0.28 0.40 
6.60 
6.33 
5.12 
0.38 
0.34 
3.43 
0.34 
5.70 
4.94 
5.54 
0.62 
0.36 
2.35 
0.29 
5.02 5.52 7.14 
6.95. 7.69 4.04 
5.00 4.50 5.03 
0.49 0.73 0.42 
0.36 0.36 0.39 
3.45 3.00 3.31 
0.18 0.18 0.36 
1.87 1.97 1.40 3.21 0.70 1.31 0.15 0.14 
0.20 0.11 0.15 0.20 0.08 o.o9 0.10 0.21 0.21 0.24 · 
6. 71 
5.56 
4.42 
0 .• 90 
0.43 
3.65 
0.34 
4.47 4.82 5.81 
5.39 4.86 5.86 
4.61 5 •. 87 4.42 
1.82 0.45 1.33 
0.35 0.34 0.6 
2.82 2.77 2.50 
0.24 0.32 0.40 
2.33 1.41 2.09 7.24 5.83 
5.44 . 9.27 10.10 4.03 5.81 
7.50 5.68 5.87 4.46 4.06 
0.20 l..50 0.98 1.28 1.79 
0.45 0.24 0.32 0.41 0.38 
1.34 1.66 1.31 4.12 2.26 
0.18 0.12 0 .• 21 0.45 0.33 
6.74 
5.49 
4.23 
1.35 
o.32 
3.49 
0.24-
o.33 2.44 2.12 o.52 o.96 5.10 6.47 o.45 o.5o 2.54 
99.09 100.27 100.64 99.87 99.33·101.20 99.22 100.17 100.55 100.17 99.47 99.25 98.72 100.24 99.73 99.23 99.21 99.65 
15.ll 13.67 15.98 13.83 14.35 13.78 12.36 14.61 14.16 16.77 14.11 14.16 9.96 11.86 14.05 12.25 13.38 16.37 
205 
220 
954 
fem 
203 
3.3 
954 
fem 
a 
130 1:97 
14 40 
954 740 
fc fem 
148 148 
34 
740 740 
fc f c 
195 
15 
740 
fc 
·83 
13 
740 
fc 
101 
18 
84 
740 740 
fc fem 
14 
740 
fc 
30 
765 
fem 
161 
19 
765 
fc 
340 152 
165 
765 
fem 
305 
765 
fem 
277 14 
765 704 
fem fem 
25 
842 
fem 
N 
I-' 
N 
" 
Si02 
Ti02 
Al203 
Fe2o3 
FeO 
MnO 
MgO 
CaO 
Na2o 
K20 
. P20~ 
H20 
H o-
2 
co. 
2 
TOTAL 
Table A7 : Major Elements 
Mission Group 
0~199 s.209 0.212 0.222 0.263 0.311 0.320 0.340 8.356 8.382 0.487 a.496 0.498 0.544 8.550 0.570 8.583 8.558 
39.08 45.52 45.55 43.51 41~63 43.95 44.42 43.17 43.81 43.63 40.12 45.18 44.32 43.59 47.59 47.06 51.32 41.33 
2.04 2.60 2.30 2.52 2.56 2.49 2.59 2.62 2.56 2.72 3.02 2.84 2.74 2.66 3.25 3.22 2.18 2.47 
12.41 15.83 14.08 14.97 15.11 14.88 14.67 15.21 15.53 15.86 14.56 14.31 13.70 13.40 12.65 13.12 14.33 12.59 
.12.05 10.46 18.37 11.55 10.44 10.63 10.11 13.00 9·.86 8.48 9.38 5.37 8.66 9.94 11.12 7.88 6.75 8.48 
1.84 4.67 1.16 3.90 4.60 3.69 4.18 4.05 
0.14" 0.21 0.09 0.17 0.18 0.18 0.20 0.19 
3.27 4.98 1.56 4.65 4.93 4.88 7.01 6.28 
12.47 3.79 4.46 5.76 7.13 6.61 4.94 4.57 
4.55 4:94 4.~3 5.33 5.19 5.72 4.67 4.49 
l.65 1.63 3.33 o.89 o.33 o.30 o.89 0.08 
0.23 0.42 0.34 0.41 0.37 0.35 0.41 0.40 
2.25 3.21 1.06 2.64 3.63 3.37 3.6~ . 3.50 
0.11 o.35 0.10 o.33 0.24 o.31 o.44 o.49 
0.00 0.02 1.71 2.48 3.51 3.09 1.19 o.32 
4.92 5. 7~ 6. 72 6.03 5. 70 5.66 . 3.42 4.85 3.63 4.05 
0.21 . 0.17 0.30 0.26 0.23 0.24 0.18 0.24 0.15 0.15 
7.80 5.87 11.20 10.18 9.06. 9.52 5.30 7.41 5.60 4.52 
3.87 4.41 3.58 5.08 4.81 3.88 6.63 6.42 6.47 11.48 
4~30 4.93 3.27 3.84 4.02 3.49 5~31 4.88 4.19 4.23 
1.04 1.01 0.81 0.94 0.84 0.50 0.38 0.18 0.18 0.34 
o.39 ·o.43 o.49 o.47 o.42 o.43 o.53 o.51 o.36 o.48 
5.13 3.67 5.00 4.20 3.98 4.57 1.90 3.87 3.58 3.47 
0.41 0.38 0.73 0.51 0.71 0.45 0.11 0.16 0.24 0.12 
0.38 . 1.67 0.15 0.48 0.33 0.52 0.61 1.00 0.37 . 6.32 
[00.22 99.43 99.02 99.11 99.87 l00.44 99.31 99.18 100.22 99.01 99.42 99.68 99.51 98.87 99.18 ~00.82 99.35 100.04 
tFeO I 12.68 14.08 17.69 14.29 14.00 13.26 13.28 15.75 13.80 13.41 15.16 10.86 13.48 14.61 13.61 11.94 9.70 11.67 
94 84 
29 51 
85 
16 
ppm ·Cl 
ppm s 
Depth(m) All from ~ 42 m. 
positipn I fem 
in lava 
flow 
aft fem 
103 
22 
fem 
124 
18 
fc 
138 
34 
fc 
188 
19 
fc 
14:'7 
231 
fc 
129 
18 
fc 
152 
17 
fc 
68 
25 
fc 
118 
21 
fc 
17 
fc 
6 
fc 
171 
16 
fc 
143 
33 
fc 
123 
14 
fc 
157 
37 
.fc 
I\) 
I-' 
w 
Table A7 
Major Elements 
Sills (contd.) 
9.367 9.310 11.135 Rl6 Rl8 R34 R38 R40 
Si02 47.44 47.05 44.87 Ba 657 690 976 811 821 
Ti02 2.13 1.96 1.85 Rb 195 207 188 184 200 
Al203 16.08 16.23 14.81 Sr 39 46 83 92 87 
Fe2o3 6.12 7.92 5.49 Th 48 43 38 36 38 
FeO 7.24 4.4:? 8.09 Zr 731 787 624 678 832 
MnO 0.19 0.17 0.19 Nb 75 79 70 71 76 
MgO 5.57 6.23 8.48 y 170 165 134 130 136 
cao 8.54 8.35 7.29 La 136 142 112 110 
Na20 2.79 2.90 2.64 Ce 287 288 247 250 
K20 l.03 l.05 0.92 Pr 32 33 28 28 
P205 0.46 0.38 0.36 Nd 118 118 102 98 
Ho+ l. 77 '..28 3.32 v - 8 11 13 7 2 
H o- 0.48 0.56 0.96 Cr 
- - - - -2 
co2 0.06 0.34 0.36 Ni - 3 - 4 -
TOTAL 99.92 99.84 99.65 Cu 
- -
6 6 -
EFeO 17.27 18.17 13.03 Zn 157 65 162 147 130 
ppm Cl 105 Pb 21 26 25 31 36 
ppm s 57 91 55 Ga 26 24 22 22 21 
Depth (m) 870 870 870 u 7 5 5 3 5 
Note - : below limit of detection 
Trace Elements 
Rhyolites 
R48 R67 R68 R71 R81 R85 
848 1506 1216 642 518 803 
186 224 184 225 200 l.6l. 
66 66 66 34 52 33 
38 42 42 45 41 46 
670 861 932 710. 671 904 
69 92 89 76 75 73. 
128 156 153 155 132 157 
118 118 119 
275 272 269 
30 31 27 
110 108 107 
11 2 4 32 5 2 
- - - - - -
- - - - - -
6 
- - - - -
171 165 146 134 43 98 
27 30 32 24 39 20 
35 27 18 17 19 26 
4 6 6 7 4 5 
R307 S24 
1396 211 
239 16 
63 304 
38 7 
686 195 
71 10 
131 35 
111 24 
248 46 
27 5 
98 24 
43 241 
-
191 
-
140 
5 99 
195 124 
29 9 
24 ],9 
4 
-
Sills 
S29 
733 
51 
325 
8 
242 
12 
42 
28 
65 
7 
26 
302 
55 
67 
88 
138 
11 
20 
-
Sl44 
373 
43 
260 
7 
217 
11 
38 
24 
58 
7 
26 
275 
153 
88 
96 
125 
10 
19 
-
N 
!-' 
.i::. 
Ba 
Rb 
Sr 
Th 
Zr 
Nb 
y 
La 
Ce 
PJ," 
Nd 
v 
Cr 
Ni 
Cu 
Zn 
Pb. 
Ga 
Table A7 : Trace Elements 
Sills (continued) I Cassidy Group 
9.168 9.193 9.297 9.367 9.310 11.135 IC61 C64 C65 C91 C94 ClOl Cl04 Cl08.Cl09 Clll Cll6 Cll~ Cll8 Cl23 Cl25 
284 
20 
330 
3 
120 
6 
16 
.3.9 
5 
20 
164 
56 
140 
52 
111 
9 
415 
. 45 
354 
4 
118 
8 
23 
14 
·39 
4 
19 
178 
67 
144 
100 
106 
7 
340 
·23 
350 
.2 
112 
6 
23 
16 
38 
4 
17 
406 
24 
353 
3 
130 
8 
27 
150 , 177 
40 50 
134. 107 
60 51 
100 108 
7 0 
349 
27 
322. 
4 
123 
8 
25 
17 
43 
" s 
18 
188 
58 
117 
83 
124 
9 
277 
26 
27 
3 
125 
7 
17 
39 
5 
16 
166 
58 
222 
38 
151 
6 
655 455 1261 317 151 , 762 363 
0 11 30 31 9 25 12 
390 324 220 304 136 330 275 
2 2 3 2 
120 . 151 
16 7 
3 5 
327 414 
20 27 
114 123 153 
4 5 6 
49 30 36 
7 13 
21 22 41 48 
18 11 . 37 
18 
1 
9 
32 
3 
15 
36 27 
6 - 3 
16 15 
166 179 208 . 245 195 
55 57 21 667 207 
89 80 75 325 125 
19 22 38 25 73 
117 133 114 
8 7, 9 
114 119 
13 6 
19 19 19 12 
91 
9 
33 
219 272 
31 36 
89 76 
89 37 
144 124 
11 12 
18 17 
647 
20 
333 
3 
.424 
25 
49 
272 
140 
148 
78 
185 
12 
20 
324 486 968 
10 15 40 
313 753 139 
2 3 3 
392 280 315 
23 19. 27 
45 37 34 
. 39 24 
94 57 
10 5 
36 27 
273 250 174 
-
165 193 163 
122 118 77 
137 71 20 
114 89 95 
11 ·13 9 
18 12 13 
-936 1641 1'205 
36 64 58 
373 344 376 
4 4 9 
341 630 591 
33 46 39 
40 68 66 
71 
160 
19 
69 
427 
36 
319 
6 
165 
20 
22 
244 275 280 147 
208 24 
108 54 
39 35 
142 189 
9 17 
15 
63. 35 
80 59 
57 26 
174 84 
15 11 
16 
N 
I-' 
Ul 
Ba 
Rb 
Sr 
Th 
Zr 
Nb 
y 
La 
Ce 
Pr 
Nd 
v 
Cr 
Ni 
Cu 
Zn 
Pb 
Ga. 
Table A7 Trace Elements 
Cassidy Group Mission Group 
Cl28 Cl30 C260 C264 C291 C294 C297 C298 C301 C303 C305 IM2 M4A M4B M4C Ml3A Ml3B Ml8 M26 M31 M47 
476 
15 
243 
5 
622 
45 
71 
183 
43 
37 
33 
174 
18 
19 
1196 664 
89 
216 
6 
416 
41 
46 
212 
90 
76 
34 
131 
10 
20 
287 
3 
380 
24 
45 
40 
93 
10 
44 
333 
75 
112 
89 
167 
11 
110 
2 
911 
3 
275 
18 
27 
258 
116 
96 
32 
54 
20 
23 
1726 1162 494 422 884 481 364 k95 178 639 146 34 174 25 339 65 so 
101 50 
407 331 
4 
335 640 
20 
39 
45 
68 
78 
175 
.20 
78 
315 222 
84 
141 
32 
35 
51 
39 
161 177 
11 
. 20 
15 
18 
21 22 28 27 22 I 52 17 60 5 
381 167 464 241 169 ~08 265 211 1095 
4 5 6 7 6 4 2 3 4 
1 14 4 32 
63 230 74 95 
2 3 3 
6 
65 
2 
415 519 697 672 338 ~35 179 213 175 102 185 104 166 135 
28 
51 
35 
60 
48 
72 
40 
64 
23 113 
40 40 
9 11 8 
38 32 
17 
41 
4 
20 
5 
21 
11 5 9 
34 23 29 
7 
29 
23 
47 
4 
18 
225 250 266 267 241 1211 26s 251 le6 183 223 165 221 261 
129 123 129 81 165 I 66 113 65 75 
94 51 98 I 73 116 74 91 55 
163 
85 
57 51 116 109 I 76 25 40 2 
39 
65 
10 
65 163 196 128 143 1163 112 153 98 56i 
17 
13 
8 
17 
19 
21 
14 
16 
21 8 7 9 10 253 
18 I 21 20 20 8 
50 58 115 
81 76 82 
76 
79 
5 281 117 
99 142 113 103 
8 
14 
5 15 
9 21 
19 
22 
2 
97 
88 
4 
18 
8 
21 
2 
11 
95 
33 
30 
15 
34 
6 
5 
N 
!-' 
(.)\ 
Ba 
Rb 
Sr 
Th 
Zr 
Nb 
y 
La 
Ce 
Pr 
Nd 
v 
Cr 
Ni 
Cu 
Zn 
Pb 
Ga 
Table A7 Trace Elements 
Mission Group 
Ml78 Ml83 Ml85 Ml86 Ml93 M205 M205 M210 M217 M220 M222 M229 M266 I 2.194 2.297 2.410 3.352 4.440 4.464 4.523 5.331 
1095 
87 
95 245 
1 27 
47 
245 148 206 150 
3 3 2 3 
50 849 
53 
35 358 
2 3 
81 756 285 380 268 ·994 544 
9.1 24· 21 27 65 44 
64 254 216 140 805 231 214 
4 3 2 4 3 
213 149 176 168 183 141 115 146 160 185 204 182 299 
10 10 9 9 10 10 7 9 8 9 12 20 10 
33 23 34 23 31 28 25 29 29 28 35 22 34 
240 228 267 
84 76 90 
83 37 106 
34 133 47 
16 
34 
52 
22 
17 
40 
5. 
18 
15 
38 
5 
21 
13 
33 
3 
17 
16 
43 
5 
21 
24 
53 
5 
20 
19 
51 
7 
25 
98 279 195 218 215 194 241 273 120 239 
79 124 64 55 71 44 88 117 17 65 
67 40 77 62 101 123 59 42 52 90 
3 16 16 4 59 199 34 33 
136 240 137 139 50 170 
11 13 
60 274 129 50 
7 
4 
78 
13 
20 
67 163 
29 177 9 9 10 9 6 8 11 
19 36 19 29 31 17 18 12 20 
564 998 790 
198 26 34 
223 179 212 
2 4 3 
86 
6 
57 
2 
66 109 ·673 
56 10 65 
25 257 198 
4 4 4 
165 140 139 146 159 170 169 
9 9 8 9 10 .. 11 .10 
35 28 28 31 31 35· 37 
16 
40 
4 
20 
18 
42 
4 
19 
27 
55 
6 
29 
25 
63 
7 
31 
161 
8 
199 
2 
143 
9 
28 
335 249 231 220 322 340 294 . 277 
75 64 70 50 58 49 37 64 
100 96 101 106 91 67 78 112 
8 11 3 
54 182 138 162 
7 8 6 8 
17 
23 13 
76 127 212 
5 6 9 
2 
229 
9 
N 
~ 
'1 
Ba 
Rb 
Sr 
Th 
Zr 
Nb 
y 
La 
Ce 
Pr 
Nd 
v 
Cr 
Ni 
Cu 
Zn 
Pb 
Ga 
Table A7 : Trace Elements 
Mission Group 
8.311 5.385 5.389 5.452 5.499 5.515 5.545 5.572 6.273 6.385 6.394 6.401 6.554 7.569 8.196 8.199 8.209 2.212 8.222 8.263 
90 
7 
156 
2 
155 
10 
30 
270 
63 
104 
7 
132 
6 
98 
14 
108. 
2 
148 
9 
223 
67 
116 
145 
5 
126 
9 
105 
2 
150 
9 
30 
221 
63 
107 
135 
9 
690 
15 
350 
2 
150 
8 
31 
223 
57 
113 
148 
7 
251 
13 
296 
2 
142 
8 
31 
12 
34 
4 
18 
240 
49 
105 
4 
191 
8 
346 
29 
284 
2 
17.7 
9 
35 
249 
54 
96 
178 
11 
687 
45 
142 
143 
8 
27 
217 
58 
167 
2 
151 
8 
44 
11 
80 
2 
147 
9 
7 
21 
15 
269 
86 
102 
5 
125 
4 
767 
34 
307 
2 
156 
10 
251 
84 
108 
3 
181 
8 
52 
6 
109 
3 
193 
11 
40 
19 
52 
6 
34 
475 
:ZS 
58 
70 
6 
409 
20 
279 
260 
13 
85 
2 2 
92 130 
5 8 
23 21 
154 214 
32 68 
39 58 
144 
44 63 
28 8 
441 
25 
256 
805 420 484 1201 3327 439 83 
63 20 25 47 68 18 7 
401 148 108 242 238 278 183 
2 2 3 2 3 2 2 2 
177 162 139 126 161 138 152 157 
11 
201 
61 
121 
1257. 
270 
10 
10 8 7 
21 
3 
20 
7 
8 9 9 
29 
8 
30 
226 191 155 269 216 268 241 
78 68 
105 113 
2 
51 . 88 
79 120 
14 26 
138 227 104 161 
11 8 5 12 
66 68 71 
62 113 107 
2 
50 136 137 
7 7 7 
!\.) 
1--' 
00 
8.328 8.340 8.356 8.558 
Ba 772 480 318 1010 
Rb 15 17 16 5 
Sr 216 346 181 212 
Th 3 3 2 2 
Zr 173 184 162 167 
Nb 10 8 10 10 
y 27 29 34 
La 15 10 
Ce 37 32 
Pr 4 3 
Nd 20 16 
v 226 249 228 182 
Cr 84 84 72 68 
Ni 122 118 130 103 
Cu 2 
Zn 170 163 201 110 
Pb 7 10 6 5 
Ga 
TableA7: Trace Elements 
Mission Group 
8.382 8.487 9.496 8.498 8.544 8.551 8.570 8.583 
520 329 673 430 97 95 65 60 
18 12 14 15 8 6 3 3 
175 100 219 209 78 99 82 92 
3 3 3 2 3 2 2 3 
181 199 . 181 173 168 214 203 139 
11 10 10 10 9 12 11 8 
30 40 35 27 
14 
37 
4 
18 
246 275 228 270 242 282 247 219 
82 113 118 94 106 75 89 89 
123 129 126 118 114 68 133 62 
128 249 209 188 233 102 169 141 
6 7 10 6 4 8 7 5 
N 
I-' 
l.D 
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APPENDIX 5 
CALCULATION OF THERMODYNAMIC PARAMETERS 
1. Free Energies of Formation 
The free energies of formation at 250°C (AFT) of 
epidote, zoisite, prehnite and laumontite were determined 
0 
from standard enthalpies (AH 0 ) entropies (S ) and heat Tr 0 Tr 
. t . f th f c II + b" T ·+ C"T- 2 capaci y power series o e orm T = a 
where Tr is the reference temperature (298.15°K) and c 0 
T 
is the heat capacity at the required temperatµre T 
( 523 .15°K) . The heat capacity power series constants and 
0 0 AH and S for the above minerals were determined by Tr · Tr 
summing in mole proportions the heat capacity power series 
0 0 ' 
constants and AH and S of the appropriate oxide and Tr Tr 
silicate. components. Components used and sources of data 
0 0 0 
are listed in Table AB. AF is related to AH and S as T Tr Tr 
follows 
0 0 
AFT = AH + 
. Tr a" ( T - Tr) 
o T 
-TS - T.a" ln - T.b" (T - Tr) Tr Tr 
C" (!_ - _!.) 
T Tr 
C" 1 1 
+ T.-(- - - ) 
2 T2 Tr2 
where Tr is the reference temperature (298 .15°K), T is the 
required temperature (523.15°K). The expression was 
derived from equations 11 and 12 in Helgeson (1969). 
Introduced errors are mainly caused by 
0 
uncertainties in determination of AHT of the mineral from 
. r 
its components as enthalpy changes in the mineral caused 
by bond energy changes, etc. during formation from its 
components cannot be formally predicted (Helgeson 1969). 
These errors become larger with temperature increase, and 
the use of the heat capacity power series to compute the 
0 0 AHT term from AH minimises the error increase (Helgeson, Tr 
1969) . Other introduced errors are summarised by Helgeson 
(1969). 
2. Equilibrium Constants 
The equilibrium constants (K) of 250°C for the 
dissociation of epidote, zoisite, prehnite and laumontite 
(Table A8) were determined using standard free energies 
zoisite 
epidote 
prehnite 
Fe-prehnite 
laumontite 
zoisite 
epidote 
prehnite 
fe-prehnite 
laumontite 
zoisite 
epidote 
prehnite 
fe-prehnite 
laumontite 
221 
Table A8 
Thennodynamic Data 
o* o** 0 ** Heat capacity power series constants 
s t::..H 
Tr Tr 
79.48 -1634300 
83.84 -1532750 
78.73 -1468250 
83.09 -1366700 
99.37 -1724950 
1 -1 *cals mole- deg 
t::..F 
T II a 
-1696400 109.87 
-1600200 108.62 
-1529050 101. 74 
-1433000 100.13 
-1807900 125.11 
** cals mole-1 
II 
x 103 
II 
x 10-5 b c 
1851 -29.87 
25.05 -26.13 
16.80 -26.35 
23.35 •22.62 
29.48 .23.95 
Components used to determine s0 T t::.. H0 T and heat capacities 
r, r 
CaA12S~08 + CaSi03 + ~H20 + ~Al2o3 
CaA12Si208 + Casio3 + ~H20 + ~Fe203 
CaA12si208 + CaSi03 + H20 
CaA12si2o8 + CaSi03 + H20 + ~Fe 2o3 - ~1203 
CaSi03 + Si02 + 2H20 + Al2si203 (0H) 4 
Note: (1) Data for heat capacities, s 0 Tr and !::.. H0 Tr taken from 
Helgeson (1969), Robie & Waldbaum (1968) and Birch, Schairer 
& Spicer (1942) 
(2) s 0 Tr and heat capacities of ice were used (Helgeson 1969)1 
!::.. H° Tr for water was used. 
Equilibrium constants for hydrolysis reactions at 250°c* 
log K 
+ H20 5.61 
+ H20 + Fe+++_l.16 
0 0 0 Notes: (1) l:i.F T for the ions were calculated from S T , t::..H and 
r Tr 
average heat capacities at 250°c as in Helgeson (1969). 
6.46 
-0.36 
-4 .. 42 
(2) These reactions as written assume that all important aqueous 
species are included in the reaction: the reactions indicate that 
the total Al, Fe, H, Si and Ca increase as the minerals dissolve, 
and the division into reactants and products does not necessarily 
correspond to the actual conditions (Helgeson 1967a, 1969). 
0 0 
computed from ~HTr' STr and average heat capacities as 
listed by Helgeson (1969) and from the standard free 
energies for these minerals listed in Table AB. 
Reactions used to determine the equilibrium 
boundaries of the activity diagrams are summarised in 
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Table A9. The log-K values of the requisite dissociational 
equilibria were taken from Helgeson (1969). 
All phases shown on the activity diagrams are in 
equilibrium with a water phase. 
Table A9 
Equilibria used to construct activity diagrams 
7Kaolin +Ca+++ 8Si02 J,;, 2H+ + 7H20 + 6Ca montmorillonite 
7Kaolin + 2Na+ + 8Si02 = 2H+ + 7H20 + 6Na montmorillonite 
18Ca-montmorillonite + 14H20 + 25Ca++ == 24Si02 + 50H+ + 14zoisite 
12Ca-montmorillonite + 7Fe2o3 + 26Ca++ + 7H20 ==2Si02 + 52H+ + 14epidote 
3Na-montmorillonite + 10Si02 + 6Na+ 6H+ + 7albite 
6 · 11 . ++ . 11 . + Na-montmori onite + Ca = 6Ca-montmori onite + 2Na 
++ + . + 9Na-montmorillonite + 14Ca + 7H20 = 12Si02 + 25H + 3Na + 7zoisite 
++ . + + 12Na-montmorillonite + 7Fe2o3 + 28Ca + 21H20.... 52H + 4Na + 2Si02 + 
14epidote 
3 lb 't 2 ++ o · · + + ·o a 1 e + Ca + H2 = zoisite + H + 3Na + Si 2 
2albite + 2Ca++ + 0.5Fe2o3 + l.5H20 = 2H+ + 3Si0f + 2Na+ + epidote 
2zoisite + 3Si02 + 4H20 + 2Ca ++ ~.Jprehnite + 4H 
2epidote + 6Si02 + 7H*O + 4Ca++ + Fe2o3 =.SH++ 4Fe-prehnite 
2albit~ + 2H~ + 2Ca+ = prehnite + 2H+ + 2Na+ + 3Si02 
albite + 2Ca + 0.5Fe2o3 + 2.5H20 = feprehnite + 3H+ +Na+ 
kaolin + 5Mg++ + 7H20 + sio2= chlorite + lOH+ 
7kaolin + Mg++ + 8Si02 = 7H*O + 2H+ + 6Mg-montmorillonite 
6Mg-montmorillonite + 34Mg+ + 56H20 == 7chlorite +~SH+ + SiO*+ 
l8Mg-montmorillonite + 2SCa++ + 14H20 =14zoisite + 50H+ + 3Mg + 24Si02 
M tm . 11 . ++ . . ++ g-mon ori onite + Ca = Ca-montmorillonite + Mg 
3chlorite + 4Ca++ + 22H+ = 2zoisite + 15Mg++ + 3Si02 + 22H2o 
h . ++ ++ + . pre nite + 6H20 + 5Mg = 2Ca + 6H + Mg-chlorite 
1 t' 5 ++ 4 0 ++ + 1 . aumon ite + Mg + H2 == Ca + SH + Mg-ch orite 
6Na-montmorillonite + Mg++= 6Mg-montmorillonite + 2Na 
6Mg-montmorillonite + 20Sio2 + 14Na+ = 12H+ + 14albite +Mg++ 
chlorite + 3sio2 + SH+ + 2Na+ = 2albite + 5Mg++ + SH20 
+ ++ caco3 + 2H = ca + H20 + co2 (cf) 
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Log Kat 
250°C 
0.39 
-3. 74 
-142.~9 
-131. 78 
-31.03 
4.13 
-64.95 
-123.25 
4.02 
-0.04 
-14.49 
.-24.39 
·-2.15 
-6,.;08 
-36.29 
1. 79 
-255.82 
-146.49 
-1.40 
SS.71 
-24.74 
-33.51 
5.53 
-67.59 
-26.S7 
8.81* 
Note: The requisite dissociational equilibria were taken from Helgeson .(1969). 
* Helgeson (1969). 
Samp. ANU No. Samp. 
Rl6 28452 ClOl 
Rl8 fl 3 Cl04 
R34 II 4 Cl08 
R38 fl 5 Cl09 
R40 II 6 Clll 
R48 fl 7 Cll6 
R67 " 8 Cll7 
R68 II 9 Cll8 
R7l II 60 Cl23 
R81 II l Cl.25 
R85 " 2 Cl28 
R307 II 3 Cl30 
M2 " 4 5144 
M4A " 5 Ml78 
M4B " 6 Ml83 
M4C fl 7 Ml85 
M9 " 8 Ml86 
Ml3A II 9 Ml93 
Ml3B " 70 M205A 
Ml8 II l M205B 
924 II 2 M210 
M26 II 3 M217 
529 fl 4 M220 
M31 .. 5 M222 
M47 II 6 M229 
C61 " 7 C260 
C64 " 8 C264 
C65 II 9 M266 
C9l " 80 C291 
C94 " l C294 
Table AlO 
A.N.u. Rock Numbers 
ANU No. Samp. ANU No. 
28482 C297 28512 
fl 3 C298 13 
4 C301 14 
5 C303 15 
6 C305 16 
7 9.297 17 
8 fl 367 18 
9 II 310 19 
90 11.135 20 
l 2.194 l 
2 ti 297 2 
3 II 410 3 
4 3.352 4 
5 4.440 I 5 
" 6 " 464 II 6 
fl 7 II 523 " 7 
" 8 5.331 II 8 
II 9 385 ti 9 
28500 389 II 30 
II l 452 II l 
II 2 499 " 2 
II 3 515 II 3 
" 
4 545 II 4 
" 5 572 II 5 
II 6 6.273 II 6 
" 7 II 385 II 7 
II 8 " 394 " 8 
II 9 " 401 " 9 
II 10 II 554 " 40 
II 11 7.569 " l 
224 
Samp ANU No. Samp ANU No. 
8.196 28542 7.121 28572 
fl 199 fl 3 fl 152 II 3 
fl 209 fl' 4 fl 247 " 4 ,, 212 It 5 II 250 ' 5 
II 222 fl 6 II 408 6 
II 263 fl 7 9.451 7 
" 311 • 8 II 551 8 
II 328 9 If 562 9 
" 340 50 10.526 80 
' 356 l 10-lSJ l 
382 2 10.554 I 2 
487 3 11.561 28583 
496 4 
498 5 
544 6 
550 ' 7 
558 8 
570 9 
584 60 
9.168 l 
9.193 2 
l.399 3 
" 537 4 
" 578 II 5 
2.505 II 6 
II 577 " 7 
3.346 II 8 
" 336 " 9 
6.457 " 70 
II 476 " l 
